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SPORULATION AND SURVIVAL OF TOXOPLASMA GONDIIOOCYSTS IN DIFFERENT 
TYPES OF COMMERCIAL CAT LITTER 
J. P. Dubey, L. R. Ferreira, J. Martins, and J. L. Jones* 
u.s. Department of Agriculture, Agricultural Research Service, Animal and Natural Resources Institute, Animal Parasitic Diseases Laboratory, 
Building 1001, Beltsville, Maryland 20705-2350. e-mail: jitender.dubey@ars.usda.gov 
ABSTRACT: Toxoplasma gondii oocysts are environmentally resistant and can survive outdoors for many months in dry and cold 
climates. In the present study, sporulation and survival of T. gondii oocysts was studied in different types of cat litters commercially 
available in the United States. Oocysts sporulated within 2-3 days in all types of cat litters and occasionally remained viable for 14 days, 
Results indicate that cat litter should be changed daily to prevent sporulation and infectivity to people, 
Toxoplasma gondii infects virtually all warm-blooded animals, 
including humans, livestock, and marine mammals (Dubey, 
2010), Various surveys have found that 10-50% of the adult 
population in the United States has been exposed to this parasite 
(Dubey and Jones, 2008), Humans become infected postnatally by 
ingesting tissue cysts from undercooked meat, or consuming food 
or drink contaminated with oocysts, The proportion of the 
human population that acquires infection by ingestion of oocysts 
in the environment or by eating contaminated meat is not known 
and currently there are no tests available that can determine the 
source of infection, 
Cats are considered the key hosts in the epidemiology of T. 
gondii infection because they are the only species that can excrete 
the environmentally resistant oocysts. Cats have a worldwide 
distribution, except the frozen Arctic (Dubey, 2010). For example, 
approximately 1/3 of households in the U.S. own a cat, and this 
number is steadily increasing. There are approximately 78 million 
domestic cats and 73 million feral cats in the United States 
(Conrad et aI., 2005). The fate of cat feces disposed of in the toilet 
or in domestic trash destined for landfills is unknown (Elmore 
et aI., 2010). It is anticipated that the heat generated and lack of 
oxygen in landfills will kill some, or all, oocysts, depending on the 
conditions. It is likely that oocysts are carried into our homes on 
shoes contaminated with oocysts on street pavement. If one 
assumes a 30% seropositivity of 151 (78 domestic and 73 feral) 
million cats and a conservative shedding of a total of 1 million 
oocysts per cat, then there will be enormous numbers of oocysts 
(50 million X 1 million) in the environment. Dabritz et aI. (2007) 
estimated an annual number of 94 to 4,671 oocysts/m2 in 
California. 
Cats can shed millions of oocysts after ingesting a few T. gondii 
bradyzoites (Dubey, 2001). Toxoplasma gondii oocysts are shed 
unsporulated in freshly passed cat feces and they can sporulate in 
1 day under ideal environmental conditions of humidity, aeration, 
and ambient temperature (Dubey et aI., 1970). The environmental 
resistance of T. gondii has been amply documented (Yilmaz and 
Hopkins, 1972; Frenkel et aI., 1975; Dubey, 2010; Elmore et aI., 
2010; Jones and Dubey, 2010). However, little is known of the 
sporulation rate of T. gondii in cat feces in nature. The 
environmental resistance of T. gondii depends' upon the stage of 
the development of the oocyst. For example, unsporulated 
oocysts are killed by 8 hr exposure to 37 C, whereas sporulated 
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oocysts remain viable at 40 C for 28 days (Dubey et aI., 1970; 
Dubey, 1998). 
Many homeowners use litter pans and cat litter in which cats 
defecate. There are numerous brands of cat litter on the market 
(Table I), with various recommendations for disposal of feces 
ranging from changing of litter daily to once a week. These 
commercial products have a warning label concerning the 
transmission of T. gondii to humans, especially pregnant women. 
However, we are not aware of any studies on survival of oocysts 
in cat litter. The objective of the present investigation was to 
examine sporulation and survival of T. gondii oocysts in 
commercial cat litter. 
MATERIALS AND METHODS 
Toxoplasma gondii oocysts 
Cats were infected by feeding T. gondii tissue cysts of 4 strains (CT-
I,TgCatBrl, TgCatBr2, and TgGoatUS4) as described (Dubey, 1992, 
1995; Dubey et aI., 2004, 2011). Feces were collected daily from litter 
pans of cats, 5-7 days after feeding T. gondii tissue cysts and emulsified 
with enough water to make a thick paste. An aliquot (7-8 g, experiments 
1 and 2, 10 g in experiment 3) was transferred to a sample of different 
types of cat litter (Table I) in disposable plastic 11 X 8-;;m, 400-ml cups; 
a cup was filled to 75% capacity and the fecal aliquot was covered such 
that a small layer of litter covered the feces completely. These infected cat 
feces in different types of cat litters were left uncovered in a secure 
building. Temperature and humidity were recorded daily; they varied 
from 17 to 23 C and 20 to 26%, respectively. For control, an aliquot of 
feces (7-8 g, experiments 1 and 2, 10 g in experiment 3) was suspended in 
50 ml of 2% H2S04 and placed on a shaker for 1 wk at room temperature 
(20--23 C); 2% H2S04 prevents microbial growth without affecting the 
oocysts. 
Sporulation and viability of oocysts 
After designated exposure intervals, feces were removed from the fecal 
cups, suspended in 50 ml 2% H2S04, incubated on a shaker at room 
temperature, and, after 1 wk, filtered through gauze and centrifuged; the 
supernatant was discarded. The sediment was suspended in 45 ml of 33% 
sucrose solution (sp. gr. 1.15) and centrifuged for 10 min; then 5 ml of the 
supernatant were removed, mixed with 45 ml of water and centrifuged, 
and the sediment was suspended in 10 ml of 2% H2S04, and stored at 4 C 
until evaluated (designated sample A). Each sample was bioassayed in 
mice to determine T. gondii infectivity. For this, 2 ml of each sample A was 
neutralized with 3.3% NaOH and centrifuged. The pellet was suspended in 
1 ml of saline (0.85% NaCl) and inoculated orally into 2 mice. The 
inoculated mice were observed for 2 mo. Impression smears of tissues 
(mesenteric lymph nodes, lungs) of dead mice were examined microscop-
ically for T. gondii tachyzoites. The survivors were bled 7-8 wk 
postinoculation (PI) and a 1:25 dilution of their sera was tested for T. 
gondjj antibodies with the use of the modified agglutination test (MAT) 
(Dubey and Desmonts, 1987). Mice were killed 8 wk PI and their brains 
were examined for tissue cysts (Dubey, 2010). Mice were considered 
infected when T. gondii was demonstrable in their tissues. 
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TABLE I. Details of cat litters used. 
Product 
1. Special Kitty* Scoopable, marketed by Wal-Mart Stores, Inc., Bentonville, 
AR 72716 
Contents and notes 
Natural clumping, 99% dust free 
2. Tidy Cats® Scoop* for mUltiple cats, 2417 Performance, Nestle Purina Pet 
Care Company, St. Louis, MO 63164 
Natural clay product and deodorizing system, 99% dust free 
3. Super Scoop, Arm & Hammer® Baking Soda, Church & Dwight Co., Inc., 
Princeton, NJ 08543-5297 
Clumping, 99% dust free, with ammonia baking soda crystals block 
formula, destroys odors instantly 
4. Fresh Step®, manufactured for the Clorox Pet Products Company, 1221 
Broadway, Oakland, CA 94612 
5. Tidy Cats® Clay Cat Litter* for multiple cats, Nestle Purina Pet Care 
Company, St. Louis, MO 63164 
6. Fresh Step® Crystal* premium, manufactured for the Clorox Pet Products 
Company, 1221 Broadway, Oakland, CA 94612 
7. Corn Cob-Small, 1I8-inch product,7092 Harlan Laboratories, Inc., 
Madison, WI 53744 
8. Harlan paper product, Harlan Laboratories, Inc., Madison, WI 53744 
9. Essentials™ Natural,· clumping cat litter, Arm & Hammer®, Church & 
Dwight Co., Inc., Princeton, NJ 08543-5297 
10. Special Kitty· Scoopable for multiple cats, marketed by Wal-Mart Stores, 
Inc., Bentonville, AR 72716 
Clumping with odor-eliminating carbon 
Natural clay product and deodorizing, 99% dust free 
Silica gel, long-lasting odor-control fresh formula 
Fragrance-free 
None 
Odor-eliminating baking soda 
Clay with absorbing crystals 
II. Fresh Step® Premium, for multiple cats, manufactured for the Clorox Pet 
Products Company, 1221 Broadway, Oakland, CA 94612 
Clumping carbon granules, more ingredients; odor eliminating that 
inhibits growth of bacteria 
12. Fresh Results* (PRO-PEP), Eight in One Pet Products, distributed by 
United Pet Group, Cincinnati, OH 45230 
Natural, corn cob, pine, 99% dust free 
13. Fresh Step® Clay, * manufactured for the Clorox Pet Products Co., 1221 
Broadway, Oakland, CA 94612 
Clay with carbon granules 
14. Fresh Kitty,· marketed by Wal-Mart Stores, Inc. Bentonville, AR 72716 Ground clay, fragrance free 
• Scoop away daily. 
Three experiments were performed. In experiments I and 2, feces from 
fecal cups were removed at designated intervals (Tables II and III), 
suspended in 2% H2S04, and aerated on a shaker for 7 days before 
bioassay in mice. Success in transmission indicated survival of oocysts in 
different types of cat litter. 
In experiment 3, in addition to survival, sporulation of oocysts in 
different cat litters was studied. Feces from 3 cats collected 5-7 days after 
being fed the CT-I strain of T. gondii (Dubey, 1992) were refrigerated, 
pooled (total weight 600 g), emulsified with water, and mixed with 200 g of 
uninfected cat feces. The 600 g of pooled feces were thoroughly mixed, and 
aliquoted into IO-g samples (samples designated as A). Thirty-six A 
samples were incubated with 12 types of cat litter, and 3 samples were 
dispersed in cups without litter (Table IV); these samples were removed 
from litters after incubation for 2, 7, and 10 days. As a control, 2 A 
samples were mixed with 40 m1 of 2% H2S04 and incubated on a shaker. 
Another IO-g aliquot was mixed with 40 ml of sucrose solution in a 50-ml 
tube and centrifuged for 10 min. Five milliliters of the float from the very 
TABLE II. Sporulation and survival of Toxoplasma gondii oocysts in 7 
types of cat litters (Experiment I). 
Cat litter 
1. Special Kitty 
2. Tidy Cats 
3. Super Scoop 
4. Fresh Step 
5. Tidy Cats 
6. Fresh Step Crystal 
7. Corn Cob-Small 
Control 
T. gondii strain (incubation period) 
TgCatBr2 (day3) 
o· 
2 (9, 9) 
2 (11, 11) 
2 (11, 20) 
2 (8, 9) 
2 (8, 9) 
2 (8, 8) 
2 (5, 5) 
TgCatBrl (day 5) 
2 (10, II) 
o 
o 
o 
o 
o 
o 
2 (5, 5) 
• Two mice were inoculated with each sample. Day of death is in parentheses. 
top of the tube was mixed with 45 m1 of water (sample B), and oocysts 
were counted in a hemacytometer; counts indicated that each IO-g sample 
.. of feces contained 5 X 106 oocysts. Five milliliters of sample B were fed to 
5 mice to verify that oocysts were unsporulated and not infective before 
they were incubated with different types of cat litters. Sample B was 
centrifuged for 10 min, and the sediment was suspended in 5 m1 of 2% 
H 2S04 and aerated on a shaker (sample C). 
TABLE III. Sporulation and survival of Toxoplasma gondii oocysts 
(TgGoatUS4) in 14 types of cat litter (Experiment 2). 
Days incubated in cat litters 
Cat litter 2 7 14 
I. Special Kitty 2 (10, 13)* It 2t 
2. Tidy Cats 1 (10) 0 2t 
3. Super Scoop 2 (10, 14) 0 0 
4. Fresh Step 2 (7, 7) 0 It 
5. Tidy Cats 2 (8, 9) 0 0 
6. Fresh Step Crystal 2 (13, 14) 0 0 
7. Corn Cob-Small 2 (6, 6) 0 0 
8. Harlan 2 (8, 8) 0 0 
9. Essentials™ Natural 2 (5, 6) 0 2t 
10. Special Kitty 2 (9, 9) It 2t 
II. Fresh Step Premium 2 (9, 9) 0 2t 
12. Fresh Results 2 (5, 6) 0 0 
13. Fresh Step Clay It 0 0 
14. Fresh Kitty I (9) 0 2t 
15. Control 2 (6, 7) 0 2t 
• Two mice were inoculated. Day of death is in parentheses. 
t Mice survived and tissue cysts were found in their brains. 
DUBEY ET AL.-SURVIVAL OF T. GONOI/IN CAT LITTER 753 
TABLE IV. Effect on sporulation and survival of Toxoplasma gondii oocysts in cat feces in different cat litters (Experiment 3). 
Day 2 Day 7 Day 10 
Cat litter Before incubation* After incubationt Before incubation* After incubationt Before incubation* After incubationt 
1. Special Kitty Ot 2 (5, 5) 
2. Tidy Cats 0 2 (5, 5) 
3. Super Scoop 1(18) 2 (5, 5) 
4. Fresh Step 0 2 (7, 7) 
5. Tidy Cats 1(13) 2 (5, 5) 
6. Fresh Step Crystal 1(22) 2 (5, 5) 
9. Essentials Natural 1(29) 2 (5, 5) 
10. Special Kitty 0 2 (5, 5) 
II. Fresh Step Premium 1(27) 2 (5, 5) 
12. Fresh Results 0 2 (5, 5) 
13. Fresh Step Clay 0 2 (5, 5) 
14. Fresh Kitty 0 2 (5, 5) 
15. Control (without cat litter) 0 2 (5, 5) 
Control (shaker) 2 (6, 6) ND~ 
* Samples bioassayed on the day of removal from cat litter. 
t Samples incubated in 2% H2S04 for I wk and then bioassayed. 
:j: Of 2 mice inoculated, day of death is in parentheses. 
'Il ND = not done. 
After designated times, fecal samples in experiment 3 were removed, 
mixed with 40 ml of cold water in a plastic cup, and stored at 4 C to 
prevent any sporulation (sample D). After overnight soaking, feces in 
sample D were mixed with water, filtered through gauze and centrifuged; 
the supernatant was discarded. The sediment was floated in 40 ml of 
sucrose and centrifuged, and 5 ml of the float from the very top of the tube 
was mixed with 45 ml of water and centrifuged; the sediment was 
suspended in 5 ml of water; 1 ml of this mixture was fed to 2 SW mice. 
Two milliliters were mixed with 2 ml of 4% sulfuric acid (final 
concentration 2% H2S04), incubated on a shaker for 1 wk, and bioassayed 
in 2 SW mice to determine if the oocysts were viable. 
RESULTS 
Oocysts incubated in cat litters for 2 days were infective for 
mice, but incubation for 5 days (Table II), or longer (Table III), 
was often lethal for oocysts. 
In experiment 3, a few oocysts sporulated within 2 days in 5 
litters as indicated by bioassays in mice on the day of removal 
from the cat litter (Table IV). However, oocysts in all cat litters 
for 2 days remained potentially viable as indicated by bioassay 
in mice after incubation of the feces at room temperature for 
I wk (Table IV, day 2, column 2). The bioassay data indicated 
that oocysts were generally killed in all cat litters between 2 and 
7 days of incubation; all mice fed incubated feces remained T. 
gondii-free. Bioassays of samples of oocysts confirmed that 
more than 100,000 oocysts were present in each sample used for 
testing in different cat litters. With this strain of T. gondii 
(CTl), all mice f((d 1-100,000 oocysts died between 5 and 
12 days. Day of death of mice incubated with 1, 10, 100, 1,000, 
10,000, and 100,000 oocysts was 5, 7-8, 8, 8-9, 9-10, and 12, 
respectively. 
DISCUSSION 
There were several shortcomings in the experimental design in 
that it is difficult to duplicate conditions in a home or in a cattery. 
The size of the litter pan and depth of the litter, frequency of 
changing litter, clinical status, and defecation patterns of individual 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
2 (5, 7) ND 2 (6, 6) ND 
cats will have an effect on sporulation of T. gondii oocysts. In the 
present study, a thick paste, instead of solid cat feces, was used 
because we wanted to distribute equal aliquots for each one tested. 
Moreover, some cats bury their feces; others do not. The frequency 
of urination also alters the moisture content in the litter pan. Cat 
feces are generally hard, and expelled in a few lumps, but it will vary 
if the cat has diarrhea. Most litters absorb water from feces, 
especially if they are hygroscopic, such as silica gel. 
In the present study, all fecal samples were bioassayed in mice 
because it is difficult to differentiate microscopically live from 
dead sporulated T. gondii oocysts due to their small size. 
Although titrations were not performed to determine the number 
of viable oocysts, the day mice died after feeding fecal samples 
was recorded; there is good correlation between the day of death 
of mice and the number of T. gondii oocysts after oral inoculation 
(Dubey and Frenkel, 1973). 
Mouse mortality data in Tables II and III indicate that oocysts 
generally lost infectivity 2-3 days after incubation in cat litter. 
The sporulation of T. gondii is markedly reduced at temperatures 
higher than 30 C (Dubey et aI., 1970). Therefore, it would be ideal 
if cat litter could be heated to 40 C or higher during the night, but 
it is impractical to train cats to defecate at specific times, and the 
foul smell created during heating would make this approach 
impractical. 
Toxoplasma gondii oocysts are resistant to disinfectants unless 
they are used in concentrations that are likely to harm cats or 
their owners. However, we continue to search for safe methods 
that will inactivate T. gondii. Until then, cat litter should be 
changed daily, and pregnant women should delegate this task to 
others. Many scoopable cat litter manufacturers suggest scooping 
fecal lumps daily and changing litter weekly, but this is likely to 
give a false sense of security because the oocysts might sporulate 
in the leftover feces; in addition, the scooping spoon is likely to 
become contaminated with oocysts; hundreds of oocysts may be 
present in a milligram of infected feces. There is also the risk of 
cats tracking infected feces throughout the house. We do not 
currently have a practical recommendation for safe disposal of cat 
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litter other than disposing it in a heavy duty plastic bag with the 
hope that anoxia will kill T. gondii oocysts. 
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POL YPOCEPHALUS SP. INFECTS THE NERVOUS SYSTEM AND INCREASES ACTIVITY 
OF COMMERCIALLY HARVESTED WHITE SHRIMP (LiTOPENAEUS SETIFERUS) 
Nadia Carreon, Zen Faulkes, and Brian L. Fredensborg 
Department of Biology and Center for Subtropical Studies, The University of Texas-Pan American, 1201 West University Drive, Edinburg, 
Texas 78539. e-mail: blfredenbor@utpa.edu 
ABSTRACT: Larval tapewonns (Polypocephalus sp.) reside within the central nervous system of decapod crustaceans, Living within the 
nervous system would seem to create an excellent opportunity for the parasites to manipulate the behavior of their hosts, so we tested 
the hypothesis that behavior of white shrimp (Litopenaeus setiferus) would be correlated with the level of parasitic infection. We 
videorecorded the behavior of L. setiferus for 8 hr, then examined the nervous system and digestive glands for parasite infection. Larval 
Polypocephalus sp. were found in the nerve cord, often in large numbers, but only very rarely in the digestive gland, which was typically 
infected by the larval stage of the nematode, Hysterothylacium sp. There were significantly more Polypocephalus larvae in the 
abdominal and thoracic ganglia than the subesophageal ganglia and brain. Walking, but not swimming, was significantly and 
positively related to the number of Polypocephalus sp. lodged in nervous tissue, as well as shrimp carapace length. Polypocephalus sp. 
is I of only a few parasites residing iriside the host nervous system and it may, therefore, be suitable for investigating mechanisms 
of parasite manipulation of invertebrate host behavior. 
Parasite manipulation of host behavior occurs in many host-
parasite interactions (Moore, 2002), and many such manipula-
tions influence trophic transmission of parasites to the next host 
in the life cycle, i.e., parasite-increased trophic transmission 
(PITT) (Lafferty, 1999). Parasites most likely change host 
behavior by modifying release of neurochemicals naturally 
produced by the host (Lafferty and Morris, 1996; Relluy and 
Thomas, 2003; Shaw et aI., 2009). In most cases, however, 
parasites are located outside of the nervous tissue, and how 
parasites affect host behavior is still not clear. Because changes 
in behavior are largely due to nervous system activity, studying 
parasite manipulation will be assisted if the basic neurobiology of 
the host is well known. Decapod crustaceans have provided many 
important models for neurobiology (Wiese, 2002a, 2002b), and 
thus present excellent opportunities to investigate in detail what 
changes parasites cause to the nervous system of crustacean hosts 
that, in tum, allow parasites to manipulate host behavior. 
Some parasites, including larval tapeworms, Polypocephalus 
spp. (Shields, 1992), the focus of this article, are found not merely 
near, but inside neural tissue in crustaceans (Tripp and Turner, 
1983; Relluy and Thomas, 2003). While examining the nerve 
cords of white shrimp, Litopeneaus setiferus, from the Lower 
Laguna Madre, Texas for another project, we saw many larval 
Polypocephalus sp. lodged inside nervous tissue, specifically, the 
abdominal ganglia (Fig. lA). The life cycle of Polypocephalus 
(Lecanicephalidae) is not yet fully known. Adults are found in the 
spiral intestine of rays (Call, 2007) and less often in sharks that 
become infected via consumption-infected crustacean or mollus-
can intermediate hosts. The intermediate host most likely becomes 
infected via ingestion of a free-swimming larval stage, although 
the exact transmission route to the intermediate host is unknown. 
The purpose of the present initial study was 2-fold. First, we 
described the infection parameters of Polypocephalus sp. and 
other macroparasites in L. setiferus from the Lower Laguna 
Madre, South Texas, where the parasite fauna of wild shrimp has 
not been examined. 
Second, we determined if infection by the cestode, Polypocepha-
Ius sp., affects shrimp behavior. Because the next host for this 
tapeworm is most likely to be rays (Caira et aI., 1999; Call, 2007), 
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we hypothesized that intensity of infection in shrimp should be 
positively related to active behaviors such as walking or swimming, 
making the shrimp more easily detected by rays. If Polypocephalus 
sp. modifies shrimp behavior, it could affect the predators that 
feed on them. We also examined the digestive gland for parasites. 
Because parasites in the digestive gland would not have direct 
access to the nervous system, we hypothesized that the degree of 
infection in the digestive gland would not be correlated with shrimp 
behavior as opposed to infection in the nervous system. 
MATERIALS AND METHODS 
Shrimp (Litopenaeus setiferus) were purchased from commercial 
suppliers on South Padre Island, Texas and housed at the Coastal Studies 
Lab. 
Shrimp behavior was recorded in a 31 cm high x 50 em wide X 25 em 
deep aquarium, lined with fine sand about 5 cm in depth, allowing shrimp 
to dig if they chose (Eldred et aI., 1961; Fuss, 1964; Pinn and Ansell, 1993). 
Shrimp were marked by attaching waterproof paper to the dorsal side of 
the carapace. Each piece of paper was marked with a distinctive shape and 
color combination that would be visible on video. Shrimp behavior was 
recorded at 1 frame a min for 12 hr with the use of a Webcam (640 x 480-
pixel resolution) running Willing Webcam Lite version 5.0. Shrimp 
behavior was categorized as I of 3 states, i.e., sitting (stationary on top of 
sand or submerged within sand), swimming, or walking. Behavior was 
scored in 5-min blocks by examining frames at I-min intervals, recording 
the behavior that occurred in the majority of those 5 frames. For example, 
if an individual was seen sitting for 3 frames and swimming for 2, the 
sitting behavior was recorded. Individuals that died over the course of the 
recording were removed from the analysis. 
After the behavior of the shrimp was recorded, shrimp were 
anesthetized by chilling on ice, The nervous system and digestive glands 
were removed, flattened between 2 glass microscope slides, and viewed 
with a light microscope. The nervous system was separated into 4 parts, 
i.e., brain, the subesophageal ganglia, thoracic ganglia, and abdominal 
ganglia, and the number of parasites in each section was counted 
separately. Because of the speed at which digestive glands decomposed, 
it was only possible to examine digestive glands in 42 shrimp. 
The brains and subesophageal, thoracic, and abdominal ganglia of 6 
individuals were weighed (wet weight) to estimate the relative amount 
of neural tissue in each region. We tested for differences in numbers of 
parasites in different regions of the nervous system using analysis of 
variance and associated post hoc tests in PASW Statistics 18 (SPSS, Inc., 
Chicago, Illinois). Correlations between infections of the different regions 
of shrimps' bodies were perfonned on Origin 7.5 (OriginLab, North-
ampton, Massachusetts). 
To test the relationship between infection rates and behavior, a 
Hierarchical Multiple Regression Analysis was conducted with walking 
and swimming as a percentage as the dependent variable and shrimp 
carapace length and infection with Polypocephalus sp., or Hysterothylacium 
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FIGURE 1. Parasites examined in this study. (A) Polypocephalus sp. in situ in an abdominal ganglion of L. setiferus (inserted arrows). Anterior toward 
top. Ganglion has been darkened by staining, and the image has been contrast enhanced. (B) Polypocephalus sp. from a flattened sample of neural tissue 
(inserted arrows). (C) Detail of Polypocephalus sp. (D) Detail of Hysterothylacium sp. from a flattened sample of the digestive gland. 
sp. , or both, as predictor variables. The predictor variables were entered 
in the order of perceived importance based on initial analyses on the 
relationship between activity and the predictor variables individually. A 
second multiple-regression analysis was conducted to test the importance 
of Polypocephalus sp. abundance in distinct regions of the shrimp 
nervous system (see above) on the percentage of time that they were 
walking. 
RESULTS 
Prevalence 
Forty-eight of 53 shrimp (90.6%) had Polypocephalus sp. larvae 
in the nervous system (Fig. IA-C), and 3 (5.7%) also had I or 2 
juvenile nematodes (Hysterothylacium sp.) in the nervous system. 
There were no obvious signs of host responses to the presence of 
these parasites in the nervous system, such as encapsulation or 
encystment (Sparks and Fontaine, 1973). Thirty-eight of 42 
shrimp (90.5%) contained Hysterothylacium sp. nematodes in the 
digestive gland (Fig. ID). Only I shrimp of 42 examined (2.4%) 
had I Polypocephalus sp. larvae in the digestive gland, strongly 
indicating that Polypocephalus sp. infection is not randomly 
distributed throughout the shrimp. Because Polypocephalus sp. in 
the digestive gland and Hysterothylacium sp. in the neural tissue 
were rare, subsequent analyses examined only the parasites 
in their "preferred" sites of infection. No individuals had any 
other parasites in the neural tissue, and 4 individuals had an 
unidentified trematode metacercaria in the digestive gland. 
The distribution of double, single, and un infected shrimp was 
significantly different than expected from the above prevalences 
(X2 = 9.684, df = 3, P = 0.02), which predicts more single 
infections than were actually observed. Thirty-seven of 42 (88.1 %) 
were infected by both parasites; 2 (4.8%) had tapeworms in the 
nervous system, but no nematodes in the digestive gland, whereas 
I (2.4%) had nematodes in the digestive gland, but no tapeworms 
in the nervous system. Two individuals (4.8%) had no parasites, 
whereas the predicted likelihood is 0.3%, i.e., one would expect to 
find only a single un infected individual in samples of this size, and 
then only about 30% of the time. 
The size of shrimp did not correlate with either the number of 
tapeworms in any of the 4 regions of the nervous system (-0.0 I < 
r < 0.1, n = 53, P > 0.5 in all cases), but did correlate with the 
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FIGURE 2. Box plots of number of tapeworms in (A) brain, (B) 
subesophageal ganglia, (C) thoracic ganglia, and (D) abdominal ganglia. 
Mean = square; horizontal line = median; box = 50% of data; whiskers = 
95% of data; asterisk = minimum and maximum values. Boxes sharing a 
letter do not differ significantly in their means (Tamhane's T2 post hoc 
test, P < 0.01). 
number of Hysterothylacium sp. in the digestive gland (r = 0.393, 
n = 42, P = 0.010). The number of Polypocephalus sp. differed 
significantly in the 4 regions of the nervous system (Fig. 2; I-way 
ANOVA F [3,211] = 26.541, n = 53, P < 0.01); the brain and 
subesophageal ganglia had significantly fewer tapeworms than the 
thoracic and abdominal ganglia (Tamhane's T2 post hoc test, 
P < 0.01). This disproportionate infection of the thoracic and 
abdominal ganglia is still significantly different than predicted 
after accounting for the differing sizes of these regions of the 
nervous system (X2 = 18.593, df = 3, P = O. 0003; Table I). 
The number of parasites in each section of the nervous system 
was significantly correlated with the other 3 sections (r > 0.6, 
P < 0.001 in all cases). The total number of tapeworms was also 
significantly correlated with the number of nematodes (Fig. 3; 
r = 0.36; P = 0.016). 
Behavior 
Shrimp spent approximately two-thirds of their time sitting 
(mean = 66.5%, SD = 21.50, n = 25), slightly under a third of 
their time walking (mean = 30.7%, SD = 19.91, n = 25), and only 
occasionally swimming (mean = 2.8%, SD = 3.55, n = 25). 
The time spent walking was significantly and positively related 
to both carapace length and the number of parasite infections 
(Fig. 4, Model: F[2, 17] = 9.091, P = 0.002, R2 = 0.517, carapace 
length: ~ = 0.554, t = 3.242, P = 0.005, Polypocephalus sp.: 
~ = 0.376, t = 2.202, P = 0.042), whereas no effect of parasite 
infection or carapace length was observed on the time spent 
swimming (P > 0.05). Thus, large individuals and those with 
many larval tapeworms in the nervous system spent a greater 
proportion of their time walking compared to uninfected or 
lightly infected shrimp. In contrast, the effect of nematode 
infections in the digestive gland did not significantly affect 
walking of the shrimp when compared to host size (P = 0.45). 
When the 4 regions of the nervous system were examined 
separately, the number of Polypocephalus sp. in the brain and 
thoracic region indicated a significant positive relationship with 
activity of the shrimp (Table II). The number oflarval tapeworms 
in the abdominal region and in the subesophageal ganglia was not 
correlated with walking (Table II). 
DISCUSSION 
Most shrimp that were sampled were infected with both the 
cestode Polypocephalus sp., and the nematode Hysterothylacium 
sp., indicating a high level of transmission for both parasites in 
the Gulf of Mexico off southern Texas. Both parasites are 
probably trophically transmitted to the shrimp via ingestion of 
copepod intermediate hosts (Hysterothylacium sp.) or ingestion of 
free-swimming larval stages (Polypocephalus sp.). A variety of 
fishes in the Laguna Madre may serve as definitive hosts for 
Hysterothylacium sp. Rays are probably the main definitive hosts 
for Polypocephalus sp. (Caira et aI., 1999; Call, 2007); the Atlantic 
stingray (Dasyatis sabina) is the most abundant ray in the area 
(Raz-Guzman and Huidobro, 2002). Necropsies of D. sabina are 
needed to confirm this hypothesis. 
TABLE 1. Proportions of different regions of nerve cord (wet weight; n = 6) and tapeworm infection (n = 25). 
Region of central nervous system % Wet weight SD % Tapeworms (n = 25) SD 
Brain 17.3 5.65 3.6 3.22 
Subesophageal ganglia 13.1 2.56 3.6 4.58 
Thoracic ganglia 32.4 7.02 40.9 3.87 
Abdominal ganglia 37.2 5.38 51.9 4.10 
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FIGURE 4. Correlation of infection with shrimp behaviors. 
The posltlve correlation between tapeworm and nematode 
infections indicates that the 2 parasites occur more often together 
than by random chance alone. This may be explained by the 
similarity in the mode of transmission to shrimp via ingestion. 
The behavioral studies showed a positive relationship between 
walking and host size, and the number of Polypocephalus sp. 
lodged in the nervous system. Thus, larger shrimp and individuals 
harboring many Polypocephalus sp. spent significantly more time 
walking compared to smaller individuals, and those with fewer 
infections. We were surprised that swimming did not correlate 
with the degree of infection. Swimming would seem to be a 
conspicuous behavior that would put shrimp at risk of predation. 
Swimmeret beating is largely controlled by central pattern 
generators contained within each abdominal ganglion (Davis, 
1969; Paul and Mulloney, 1986; Skinner et a!., 1997; Smar-
andache et a!., 2009; Tschuluun et a!., 2009), and the motor 
pattern can be activated by fairly simple chemical modulation 
(Acevedo et a!., 1994; Mulloney et a!., 1987). The large numbers 
of tapeworm parasites in the abdominal ganglia would seem to 
place the tapeworms in an excellent location to influence 
swimming behavior, but they apparently do not. Swimmeret 
beating is also used by shrimp to dig into sand (Eldred et a!., 1961; 
Fuss, 1964; Pinn and Ansell, 1993), and it is possible that 
Polypocephalus sp. inhibit digging behavior. Stingrays are benthic 
predators that mainly feed on epi- or infaunal invertebrates 
(Gilliam and Sullivan, 1993). Given the feeding strategy of the 
rays it is possible that an increase in time spent swimming by 
shrimp would actually decrease the transmission of Polypocepha-
Ius sp. to the definitive host. Walking on the sediment surface, on 
the other hand, will most likely increase the exposure of shrimp to 
a passing stingray. Experimental studies are necessary to evaluate 
the effect of swimming and walking of shrimp on the predation 
rate by stingrays. 
The abdominal ganglia also possess the synapses from the giant 
interneurons to the fast flexor motor neurons and are involved in 
another important locomotor behavior, i.e., escape tail flipping 
(Wine, 1984; Arnott et a!., 1998, 1999; Faulkes, 2007). The neural 
bases of both of these behaviors are both reasonably well 
TABLE II. Partial correlation between activity and the number of 
Polypocephalus sp. in different regions of the shrimp nervous system, 
with host size as the controlled variable (n = 20 individuals). 
Factor P 
Brain 0.518 0.023 
Subesophageal ganglia 0.278 0.249 
Thoracic ganglia 0.473 0.041 
Abdominal ganglia 0.453 0.051 
understood, allowing specific testable predictions as to how 
parasites could affect neural circuitry to change shrimp behavior 
in ways that benefit the infecting parasites. For example, the 
neuroactive chemical serotonin can increase or decrease the 
excitability of giant neurons that initiate tail flips (Teshiba et a!., 
2001; Edwards et a!., 2002; Antonsen and Edwards, 2007). We 
hypothesize that parasites could affect serotonin levels in the 
nerve cord to decrease the excitability of giant neurons, thus 
reducing tail flipping and, in turn, increasing the probability 
of capture by predators. Indeed, trematodes alter serotonergic 
neurons in amphipod crustaceans (Helluy and Thomas, 2003). 
However, the neural circuits and behavior of amphipods are 
nowhere near as well understood as the neural circuit underlying 
tail flipping in decapod crustaceans (Edwards et a!., 1999; Krasne 
and Edwards, 2002; Faulkes, 2007). Future studies will, therefore, 
specifically address the affect Polypocephalus sp. has on this 
crucial escape response. 
In any case, Polypocephalus sp. increases the chance that 
infected shrimp remain exposed on the sediment surface and are 
active. Both of those changes may increase the rate at which 
shrimp are ingested by rays and should, therefore, facilitate the 
completion of the tapeworm life cycle. 
The higher activity level of shrimp infected with many 
Polypocephalus sp. may be caused by parasite manipulation, 
increasing the trophic transmission of the tapeworm to stingray 
definitive hosts, i.e., PITT. Many other larval tapeworms induce 
PITT in crustacean intermediate hosts by increasing host activity 
and/or changing microhabitat selection (Poulin et a!., 1992; 
Jakobsen and Wedekind, 1998). In those studies, the onset of 
parasite manipulation of host behavior coincided with infectivity 
to the next host in the life cycle, strongly indicating that the 
behavioral changes were adaptive to the parasite. Because 
experimental infections are not yet possible, we cannot confirm 
whether that is the case for Polypocephalus sp. We cannot exclude 
the possibility that high activity levels of shrimp expose them to 
more infections rather than the infections causing higher activity 
levels in shrimp. It is also possible that the increased activity of 
infected shrimp is caused by negative side effects rather than by an 
adaptive strategy of Polypocephalus sp. 
How Polypocephalus larvae are able to insert themselves into 
neural tissue without completely disrupting behavior is unclear. 
We have seen Polypocephalus sp. larvae move slightly within the 
ganglia, where most of the connections between neurons are 
made. We hypothesize that they may move little in the nervous 
system to avoid damaging the tissue. The well-known neurobiol-
ogy of crustaceans and the high prevalence of Polypocephalus sp. 
make this host-parasite system a promising model system for 
future studies on the effect of parasite infections on host behavior. 
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SPATIO-TEMPORAL DYNAMICS OF GASTROINTESTINAL HELMINTHS INFECTING FOUR 
LAKE WHITEFISH (COREGONUS CLUPEAFORMIS) STOCKS IN NORTHERN LAKES 
MICHIGAN AND HURON, U.S.A. 
Mohamed Faisal, Walied Fayed*, Abdelaziz Nour*, and Travis Brendent 
Department of Pathobiology and Diagnostic Investigation, College of Veterinary Medicine, 174 Food Safety and Toxicology Building, Michigan 
State University, East Lansing, Michigan 48824. e-mail: faisal@cvm.msu.edu 
ABSTRACT: This study was undertaken to identify the community composition, structure, and dynamics of helminths infecting the 
gastrointestinal tract (GIT) of lake whitefish (Coregonus clupeaformis) collected from 4 sites in northern lakes Huron (Cheboygan and 
De Tour Village) and Michigan (Big Bay de Noc and Naubinway) from fall 2003 through summer 2006. A total of 21,203 helminths 
was retrieved from the GITs of 1,284 lake whitefish. Approximately 42% (SE = 1.4%) of the examined lake whitefish were infected 
with at least I helminth species in their GIT, with a mean intensity of 39.4 worms/fish (SE = 0.3) and a mean abundance of 16.4 worms/ 
fish (SE = 0.1). Collected helminths appeared to be generalists and consisted of 2 phyla (Acanthocephala and Cestoda) and 5 species 
(Acanthocephalus dirus, Neoechinorhynchus tumidus, Echinorhynchus salmonis, Cyathocephalus truncatus, and Bothriocephalus sp.). 
Lake whitefish from Lake Huron on average had greater infection prevalences, abundances, and intensities than did fish from Lake 
Michigan. Infection parameters for each of the helminth species generally followed the same pattern observed for the combined data. 
Acanthocephalus dirus was the most prevalent and abundant helminth in lake whitefish GITs, although intensity of infection was the 
greatest for C. truncatus. Helminth infection parameters often peaked in the spring while diversity was greatest in the winter samples, 
There was substantial temporal variability in helminth infections with prevalences, abundances, and intensities often fluctuating widely 
on consecutive sampling occasions. Analysis of the GIT helminth community composition suggested that 3 (Big Bay de Noc, De Tour 
Village, and Cheboygan) of the 4 primary spawning sites, overall, had similar community compositions. The reason for the observed 
spatial and temporal variability in the lake whitefish GIT helminth infections remains to be elucidated. The findings of this study 
represent the most comprehensive parasitological study ever conducted on lake whitefish in the Great Lakes and will provide valuable 
information for future comparisons. 
Lake whitefish, Coregonus clupeajormis, are indigenous to the 
Laurentian Great Lakes of North America and currently support 
the largest commercial fishery in the lakes (Ebener et aI., 2008), 
Ecologically, lake whitefish play an important role in Great Lakes 
food webs by transferring energy from benthic to pelagic areas 
of the lakes as a result of their feeding on a variety of benthic 
organisms (Ebener et aI., 2008), Recent declines in condition and 
size at age have raised concerns regarding the future sustainability 
of lake whitefish stocks in the Great Lakes (Nalepa et aI., 2005; 
Pothoven and Madenjian, 2008), There is general consensus 
among Great Lakes managers and scientists that the declines in 
condition have resulted, at least in part, from declining abundances 
of amphipods of the genus Diporeia from nearshore areas, which is 
the lake whitefish's preferred food resource (Nalepa et aI., 2007), 
As a result, fish have been forced to forage in deeper waters where 
Diporeia spp, may still be available (Pothoven, 2005) or to consume 
other food items such as dreissenids (Pothoven et aI., 2001; Nalepa, 
Fanslow et aI., 2009; Nalepa, Pothoven et aI., 2009), Concomitant 
to declines in Diporeia spp, abundance has been the expansion of 
zebra (Dreissena polymorpha) and quagga (Dreissena bugensis) 
mussels in the Great Lakes, which is believed to have caused major 
disruptions in phytoplankton and benthic macroinvertebrate com-
munity composition in the lakes (Nalepa et aI., 1998; Bierman 
et aI., 2005; Nalepa et aI., 2007), How these changes in 
phytoplankton and benthic macroinvertebrate composition have 
affected the composition of parasite communities infecting lake 
whitefish is not presently known, but could be important 
determinants due to macro invertebrates serving as intermediate 
hosts for a wide variety of parasitic species (Messick et aI., 2004), 
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Previous studies have demonstrated that lake whitefish are often 
infected with a variety of helminth parasites (listed in Hoffman, 
1999), Lawler (1970) published a comprehensive list of parasites 
affecting Coregonus spp" including lake whitefish, worldwide, Since 
then, there have been minimal surveys performed on parasite popu-
lations and communities of lake whitefish in the United States, Such 
studies are important because they can provide clues as to the status 
and health of surveyed stocks and the communities of intermediate 
hosts, To this end, the present study was conducted to identify the 
gastrointestinal tract (GIT) helminth species found in lake whitefish 
from 4 spawning sites in northern lakes Huron and Michigan, 
describe the GIT helminth community structure, and evaluate the 
spatial and temporal dynamics in infections at the four sites, 
MATERIALS AND METHODS 
Fish and sampling sites 
The 4 lake whitefish spawning sites from where fish were collected for 
this study are referenced by the names of their closest fishing ports, i,e" 
Big Bay de Noc (BBN), Naubinway (NAB), Cheboygan (CHB), and De 
Tour Village (DET), The BBN and NAB spawning sites are located in 
northern Lake Michigan while the CHB and DET spawning sites are 
in northern Lake Huron (Fig, I). Lake whitefish collection began in 
fall 2003 and continued seasonally through summer 2006, Fall was 
considered to encompass the month of October through December, 
winter the months of January through March, spring the months of April 
through June, and summer the months of July through September. For 
the purpose of this study, fall 2003 through summer 2004 was identified 
as the 2004 sampling year; fall 2004 through summer 2005 was identified 
as the 2005 sampling year; and fall 2005 through summer 2006 was 
identified as the 2006 sampling year. Because of inclement weather 
conditions, no lake whitefish were collected from the CHB spawning site 
in fall 2006 or from the NAB spawning site in winter 2004, Fish were 
collected by commercial fishermen using both trap and gill nets, Fish 
were shipped alive or recently dead on ice to the Michigan State 
University Aquatic Animal Health Laboratory in East Lansing, 
Michigan for processing, Once at the laboratory, live fish were killed 
with an overdose of tricaine methane sulfonate (MS-222, Argent 
Chemicals, Redmond, Washington), 
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FIGURE I. Map of northern lakes Huron and Michigan indicating 
the locations of the Big Bay de Noc, Cheboygan, De Tour Village, and 
Naubinway lake whitefish (Coregonus clupeaformis) spawning locations 
where lake whitefish were collected. 
Parasite Identification 
The GIT with attached mesentery of each fish was removed from the 
esophagus to the anus and kept in tap water for 24 to 48 hr 4 C to allow 
parasite relaxation prior to processing. Helminths were retrieved manually 
and preserved in 70% ethanol. Worms were identified to species based on 
morphology using the identification keys of Yamaguti (1971), Aliff et al. 
(1977), Moravec (1980), Ingham and Dronen (1982), Amin (1985), and 
Hoffman (1999). 
Measurements of lake whitefish GIT helminth assemblage 
Infection prevalence, abundance, and intensity were calculated accord-
ing to Bush et al. (1997). Diversity indices were used to determine GIT 
helminth diversity in each of the lake whitefish spawning sites. Both 
Shannon-Wiener and Simpson reciprocal diversity indices were used to 
describe diversity. The Shannon-Wiener diversity index was calculated as 
detailed in Shannon (1948). The Simpson reciprocal diversity index was 
calculated by first determining the Simpson index (D) according to the 
equation developed by Simpson (1949) and then calculating its reciprocal. 
The dominance of a particular parasite species was expressed as the 
Berger-Parker dominance index, which measures the proportion of the 
total number of parasites due to dominant parasite species (Berger and 
Parker, 1970). 
Statistical analyses 
Spearman correlation analyses were conducted on infection prevalences 
and abundances for the GIT helminth species to explore if there were 
associations in infection parameters among the species. Correlations were 
conducted with all the sampling data combined, as well as separately for 
each lake and sampling site. Correlations were conducted in SAS using the 
PROC CORR procedure (SAS Institute Inc., 2010). 
Generalized linear mixed modeling (GLMM) was used to assess how 
helminth (combined across helminth species and for each individual 
helminth species) prevalences, abundances, and intensities varied across 
lakes, sampling sites, years, and seasons. For infection prevalence, models 
were fit assuming a binomial distribution and a logit link. For infection 
abundance, models were fit assuming a Poisson distribution and a log 
link. For infection intensity, models were fit assuming a zero-truncated 
Poisson distribution and a log link. The choice of binomial and Poisson 
distributions for modeling prevalences and abundances was natural, given 
that prevalence is a percentage and abundance is a count. The use of a 
zero-truncated Poisson distribution for modeling infection intensity also 
was natural, given that intensity of infection represents abundance of 
parasites within infected hosts; thus, by definition, infection intensities 
cannot equal zero. Because of the schooling behavior of lake whitefish, 
helminth infections of individual fish were assumed to be correlated within 
each site, year, and season sampling occasion. Each of the generalized 
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linear mixed models was fit in SAS using the PROC GLIMMIX procedure 
(SAS Institute Inc., 2010). 
To evaluate the relative importance of lake, sampling site, year, and 
season (as well as interactions of these factors) on differences in helminth 
prevalence, abundance, and intensity, a series of models were fit to the 
helminth (all helminth data combined and separately for each helminth 
species) infection data (Table I). These models ranged in complexity 
from intercept-only models, i.e. , grand-mean, to models that contained 
sampling site, year, and season as main factor levels and all possible first-
order interaction terms. Akaike's information criterion (AIC) was 
calculated for each of the fitted models; the models with the lowest AIC 
values were identified as the best models in terms of fit and parsimony 
(Burnham and Anderson, 2002). The model terms that were included in 
the best-performing models formed the basis for evaluating how 
prevalence, abundance, and intensity varied according to the aforemen-
tioned factors. 
Because sex was not recorded or could not be identified for all lake 
whitefish examined for parasitic infection, sex was not included among 
the factors evaluated initially for explaining differences in helminth 
prevalence, abundance, and intensity. To do so would have required the 
exclusion of all specimens for which sex was not known from the analyses, 
and we were hesitant to discard these observations. However, to explore 
whether parasitic infection differed between lake whitefish sexes, we used 
the models selected from the AIC model selection process described above 
and added fish sex as an additional model term. We then fit the selected 
models (with, and without, fish sex as model terms) to the infection data 
for which fish sex was identified. Comparison of AIC values between 
models, with and without fish sex as model terms, was used to determine if 
the complexity that resulted from adding sex as a model term markedly 
improved model fits. 
Generalized linear mixed modeling and the AlC model selection process 
described above were also used to evaluate the effects of lake, sampling 
site, year, and season on the helminth diversity and dominance indices. 
The mixed models for the diversity and dominance indices were fit in SAS 
using the PROC GLlMMlX procedure assuming a Gaussian distribution 
and an identity link. 
Nonmetric multidimensional scaling (NMDS), based on Bray-Curtis 
distances, was used as an ordination method to summarize how the overall 
helminth assemblage structure differed among the site, year, and season 
sampling occasions. A two-dimensional NMDS solution was used to 
facilitate interpretation of the ordination results. Up to 100 random 
restarts were used in the NMDS analysis to help find the best solution. 
The NMDS analysis was conducted in R (R Development Core Team, 
2010) using the vegan package (Oksanen et aI., 2010). 
RESULTS 
Identification of GIT helminths 
The numbers of lake whitefish collected and examined for GIT 
helminths during each sampling period ranged from 10 to 35 fish 
per stock (Table II). Altogether, GITs from 1,284 lake whitefish 
were examined from which 21,023 mature helminths were 
retrieved from 534 fish; thus, the overall prevalence of infection 
was approximately 41.6% (SE = 1.4%). The majority (=57%) of 
infected fish harbored only I species of parasite. Approximately 
28% of infected lake whitefish harbored 2 parasite species, 
whereas 13 fish were infected with 3 or 4 parasite species. Only I 
fish was found to be infected with 5 parasite species. 
Approximately 53% (11 ,221) of the collected helminths were 
identified as acanthocephalans with the remainder identified as 
cestodes. Based on morphology, a total of 5 helminth species were 
identified: Acanthocephalus dirus Van Cleave 1931 (Acanthoceph-
ala), Neoechinorhynchus tumidus Van Cleave and Bangham 1949 
(Acanthocephala), Echinorhynchus salmonis Muller 1784 (Acan-
thocephala), Bothriocephalus sp. (Cestoda), and Cyathocephalus 
truncatus Pallas 1781 (Cestoda). Representative samples were 
deposited in the Parasite Collection of the Zoology Department, 
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TABLE I. Listing of main effects and first-order interactions between main 
effects for each of the 31 models that were fit to the lake whitefish 
(Coregonus clupeaformis) gastrointestinal tract helminth data (Lake = 
Lake Huron or Lake Michigan; Site = sampling site; Year = year in which 
sampling occurred; Season = season in which sampling occurred). 
Model Main effects First-order interactions 
Intercept only (none) 
2 Lake (none) 
3 Site (none) 
4 Year (none) 
5 Season (none) 
6 Lake, year (none) 
7 Lake, season (none) 
8 Site, year (none) 
9 Site, season (none) 
10 Year, season (none) 
II Lake, year Lake X year 
12 Lake, season Lake X season 
13 Site, year Site X year 
14 Site, season Site X season 
15 Year, season Year X season 
16 Lake, year, season (none) 
17 Site, year, season (none) 
18 Lake, year, season Lake X year 
19 Lake, year, season Lake X season 
20 Lake, year, season Year X season 
21 Lake, year, season Lake X year, lake X season 
22 Lake, year, season Lake X year, year X season 
23 Lake, year, season Lake X season, year X season 
24 Lake, year, season Lake X year, lake X season, 
year X season 
25 Site, year, season Site X year 
26 Site, year, season Site X season 
27 Site, year, season Year X season 
28 Site, year, season Site X year, site X season 
29 Site, year, season Site X year, year X season 
30 Site, year, season Site X season, year X season 
31 Site, year, season Site X year, site X season, 
year X season 
Michigan State University, East Lansing, Michigan with the 
accession numbers MSUIZ 1361 for A. dirus, MSUIZ 1357 for N. 
tumidus, MSUIZ 1358 for E. salmonis, MSUIZ 1360 for 
Bothriocephalus sp., and MSUIZ 1359 for C. truncatus. 
The majority of collected helminths were identified as A. dirus 
(=47%), followed by C. truncatus (=43%), N. tumidus (=4%), 
Bothriocephalus sp. (=4%), and E. salmonis (= 1 %). Attachment 
sites differed among the various helminth species. Whereas the 
3 acanthocephalan species were generally found within fish 
intestines, Bothriocephalus sp. was found attached to the gastric 
mucosa and C. truncatus occurred in the pyloric ceca. 
Across all sampling sites and occasions, the mean abundance 
of infection was 16.4 (SE = 0.1) helminths/fish while the mean 
intensity of infection was 39.4 (SE = 0.3) helminths/fish. 
Prevalence and abundance of infection with A. dirus was the 
greatest of all the helminth species, followed by C. truncatus, 
Bothriocephalus sp., N. tumidus, and E. salmon is (Table III). In 
terms of intensity of infection, it was greatest for C. truncatus 
followed by A. dirus, N. tumidus, Bothriocephalus sp., and E. 
salmonis (Table III). 
TABLE II. Number of lake whitefish (Coregonus clupleaformis) examined 
(Fish), number of lake whitefish infected with gastrointestinal tract 
helminths (Inf.), and total number of helminths found in infected 
individuals (He!.) in lake whitefish by year and season for lake whitefish 
collected from Big Bay de Noc (Lake Michigan), Naubinway (Lake 
Michigan), Cheboygan (Lake Huron), and De Tour Village (Lake Huron) 
spawning stocks. NS = no sampling conducted from that site during that 
particular year and season. 
Fish Inf. He!. Fish Inf. He!. 
Lake Michigan 
Year Season Big Bay de Noc Naubinway 
2004 Fall 35 19 306 30 0 0 
Winter 29 10 184 NS NS NS 
Spring 30 24 1,261 30 12 179 
Summer 22 17 507 20 5 78 
2005 Fall 26 21 412 30 12 248 
Winter 16 5 103 30 1 5 
Spring 30 30 1,099 30 21 316 
Summer 30 3 54 28 2 9 
2006 Fall 30 12 68 30 3 4 
Winter 30 0 0 23 0 0 
Spring 30 18 333 30 9 65 
Summer 30 6 18 30 0 0 
Lake Huron 
Cheboygan De Tour Village 
2004 Fall 30 4 51 34 3 56 
Winter 32 5 154 10 3 92 
Spring 20 17 2,465 30 23 1,597 
Summer 30 21 363 20 17 476 
2005 Fall 26 0 0 30 21 363 
Winter 15 3 85 30 0 0 
Spring 30 28 3,896 30 29 3,006 
Summer 28 23 1,415 30 25 471 
2006 Fall NS NS NS 30 20 273 
Winter 30 0 0 30 0 0 
Spring 30 21 264 30 13 420 
Summer 30 5 31 30 23 296 
Lake whitefish from Lake Huron, on average, had greater 
infection prevalences, intensities, and abundances than did 
those from Lake Michigan (Table III). The one exception was 
for intensity of E. salmonis, which was greater in Lake 
Michigan than in Lake Huron. Infection parameters for each 
of the lakes generally followed the patterns observed for the 
combined data; that is, prevalence and abundance of A. dirus 
infections were greater than for the other helminth species, but 
intensity of infections was the greatest for C. truncatus 
(Table III). Most of the discrepancies that were observed 
between lakes Huron and Michigan resulted from lower 
infections in fish from the NAB spawning site compared to 
the other sites (Table III). As for differences in infection 
between lake whitefish sexes, females, on average, had slightly 
greater infection prevalences, abundances, and intensities than 
did males, except that males had greater N. tumidus prevalences 
and C. truncatus intensities than did the females (Table III). 
Overall, differences in infection parameters between the sexes 
appeared relatively minor. 
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TABLE III. Prevalence, abundance, and intensity of infection for individual lake whitefish (Coregonus clupeaformis) gastrointestinal tract helminth 
species and combined across helminth species overall and by lake (pooled across sampling site, year, and season), sampling site (pooled across year and 
season), and sex (pooled across lake, sampling site, year, and season). Numbers in parentheses are standard errors. (BBN = Big Bay de Noc spawning 
site, CHB = Cheboygan spawning site, DET = De Tour Village spawning site, NAB = Naubinway spawning site). 
Lake Sampling site Sex 
Total Michigan Huron BBN NAB CHB DET Female Male 
Combined 
Prevalence (%) 41.6 (1.4) 35.4 (1.9) 47.9 (2.0) 48.8 (2.7) 20.9 (2.3) 42.2 (2.9) 53.0 (2.7) 45.7 (2.1) 37.7 (1.9) 
Abundance (no.lfish) 16.4 (0.1) 8.1 (0.1) 24.8 (0.2) 12.9 (0.2) 2.9 (0.1) 29.0 (0.3) 21.1 (0.3) 18.5 (0.2) 13.5 (0.1) 
Intensity (no.linfected fish) 39.4 (0.3) 22.8 (0.3) 51.9 (0.4) 26.3 (0.4) 13.9 (0.5) 68.7 (0.7) 39.8 (0.5) 40.4 (0.4) 35.8 (0.4) 
Acanthocephalus dirus 
Prevalence (%) 28.4 (1.3) 20.8 (1.6) 36.2 (1.9) 34.3 (2.6) 6.1 (1.4) 30.9 (2.7) 41.0 (2.7) 31.8 (2.0) 25.1 (1.7) 
Abundance (no.lfish) 7.8 (0.1) 3.8 (0.1) 11.9 (0.1) 6.7 (0.1) 0.7 (0.0) 14.2 (0.2) 9.8 (0.2) 9.6 (0.1) 6.1 (0.1) 
Intensity (no.linfected fish) 27.5 (0.3) 18.4 (0.4) 32.8 (0.4) 19.5 (0.4) 11.9 (0.8) 45.8 (0.7) 24.0 (0.4) 30.2 (0.4) 24.4 (0.4) 
Neoechinorhynchus tumidus 
Prevalence (%) 8.6 (0.8) 6.2 (0.9) 11.0 (1.2) 8.3 (1.5) 3.9 (1.1) 8.3 (1.6) 13.5 (1.9) 8.1 (1.1) 9.3 (1.1) 
Abundance (no.lfish) 0.7 (0.0) 0.5 (0.0) 0.9 (0.0) 0.6 (0.0) 0.3 (0.0) 0.6 (0.0) 1.3 (0.1) 0.8 (0.0) 0.7 (0.0) 
Intensity (no.linfected fish) 8.2 (0.3) 7.4 (0.4) 8.6 (0.4) 7.7 (0.5) 6.8 (0.8) 7.1 (0.5) 9.4 (0.5) 9.4 (0.5) 7.1 (0.3) 
Echinorhynchus salmonis 
Prevalence (%) 4.6 (0.6) 1.4 (0.5) 7.9 (1.1) 2.7 (0.9) 0.0 (0.0) 9.3 (1.7) 6.6 (1.4) 5.3 (0.9) 4.5 (0.8) 
Abundance (no.lfish) 0.2 (0.0) 0.1 (0.0) 0.4 (0.0) 0.1 (0.0) 0.0 (0.0) 0.4 (0.0) 0.3 (0.0) 0.3 (0.0) 0.2 (0.0) 
Intensity (no.linfected fish) 4.8 (0.3) 5.0 (0.7) 4.8 (0.3) 5.0 (0.7) 0.0 (0.0) 4.6 (0.4) 5.0 (0.5) 4.8 (0.4) 4.8 (0.4) 
Cyathocephalus truncatus 
Prevalence (%) 13.2 (0.9) 10.2 (1.2) 16.2 (1.5) 12.7 (1.8) 7.4 (1.5) 15.0 (2.1) 17.4 (2.1) 14.9 (1.5) 11.0 (1.2) 
Abundance (no.lfish) 7.0 (0.1) 3.2 (0.1) 10.8 (0.1) 4.7 (0.1) 1.6 (0.1) 13.3 (0.3) 8.7 (0.2) 7.1 (0.1) 5.9 (0.1) 
Intensity (no.linfected fish) 53.0 (0.6) 31.6 (0.7) 66.8 (0.8) 36.7 (0.9) 22.0 (1.0) 88.6 (1.4) 49.8 (0.9) 47.2 (0.7) 53.8 (0.9) 
Bothriocephalus spp. 
Prevalence (%) 11.0 (0.9) 10.5 (1.2) 11.5 (1.3) 11.5 (1.7) 9.3 (1.7) 10.0 (1.7) 12.9 (1.8) 13.0 (1.4) 8.7 (1.1) 
Abundance (no.lfish) 0.7 (0.0) 0.5 (0.0) 0.8 (0.0) 
Intensity (no.linfected fish) 6.0 (0.3) 4.9 (0.3) 7.0 (0.3) 
Correlations in infection prevalences and abundances 
Statistically significant correlations were detected in both 
prevalences (Table IV) and abundances (Table V) between many 
of the GIT helminth species. In all cases, the correlations were 
positive, indicating that when prevalence or abundance was high 
for I species it was high for the other species as well. The strongest 
correlations in both GIT helminth prevalence and abundance 
occurred between E. salmon is and N. tumidus, although strong 
correlations were also detected between A. dirus, Bothriocephalus 
sp., and C. truncatus. 
Spatio-temporal evaluation of infection parameters 
For combined helminth data: The model with the lowest Ale 
value for both prevalence and abundance was Model 30 (Table I: 
main effects = site, yr, and season; first-order interactions = site 
X season and yr X season). The site X season and yr X season 
interactions in the selected models suggested that any site or year 
differences in infection prevalence or abundance depended on 
which season the sampling occurred. For intensity of infection, 
the model with the lowest Ale value was Model 25 (Table I: main 
effects = site, year, and season; first-order interactions = site X 
year), which again suggested that any site differences in infection 
intensity depended on year of sampling. Plots of predicted 
helminth infection parameters illustrated the strong fluctuations 
in infection dynamics across most sampling sites, year, and season 
0.7 (0.0) 0.3 (0.0) 0.5 (0.0) 1.0 (0.1) 0.8 (0.0) 0.5 (0.0) 
6.3(0.4) 3.0 (0.4) 5.5 (0.4) 8.0 (0.4) 6.1 (0.3) 6.1 (0.3) 
(Fig. 2). For example, infection prevalences often fluctuated from 
as low as 10 to 20% to as high as 70-80% on consecutive sampling 
occasions across many of the sampling sites (Fig. 2). Similarly, 
intensity of infection often fluctuated from as low as 10 worms! 
fish to more than· 30 worms!fish on consecutive sampling 
occasions across many of the sampling sites (Fig. 2). 
Acanthocephalus dims Van Cleave, 1931: As was found with the 
combined infection data, the model with the lowest Ale value for 
both A. dirus prevalence and abundance was Model 30 (Table I: 
main effects = site, year, and season; first-order interactions = site 
X season and year X season). For A. dirus infection intensity, the 
model with the lowest Ale value was Model 31 (Table I: main 
effects = site, year, and season; first-order interactions = site X 
year, site X season, and year X season). Again, the occurrence of 
these interactions in the Ale selected models was evident in the 
plots of predicted A. dirus infection parameters, which exhibited 
strong fluctuations in predicted infection prevalences, abundances, 
and intensities between sampling occasions (Fig. 3). 
Neoechinorhynchus tumidus Van Cleave and Bangham, 1949: 
For N. tumidus, the model with the lowest Ale value for infection 
prevalence, abundance, and intensity was Model 31 (Table I: 
main effects = site, year, and season; first-order interactions = 
site X year, site X season, and year X season). As with the 
combined helminth and A. dirus infection data, plots of predicted 
N. tumidus infection parameters exhibited strong fluctuations 
across sampling occasions (Fig. 4), although the fluctuations 
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TABLE IV. Listing of statistically significant Spearman correlations (r.) among prevalences of GIT helminth species infecting lake whitefish from four 
stocks in northern lakes Huron and Michigan. Results are shown overall, by lake, and by sampling site. 
Area Species r. P-value 
Overall Acanthocephalus dirus vs. Bothriocephalus sp. 0.17 <0.0001 
A. dirus vs. Cyathocephalus truncatus 0.28 <0.0001 
A. dirus vs. Echinorhynchus salmonis 0.11 <0.0001 
A. dirus vs. Neoechinorhynchus tumidus 0.08 0.0002 
Bothriocephalus sp. vs. C. truncatus 0.38 <0.0001 
E. salmonis vs. N. tumidus 0.49 <0.0001 
Lake Huron A. dirus vs. Bothriocephalus sp. 0.21 <0.0001 
A. dirus vs. C. truncatus 0.33 <0.0001 
A. dirus vs. N. tumidus 0.10 0.0109 
E. salmon is vs. N. tumidus 0.59 <0.0001 
Lake Michigan A. dirus vs. Bothriocephalus sp. 0.11 0.0051 
A. dirus vs. C. truncatus 0.18 <0.0001 
A. dirus vs. E. salmonis 0.13 0.0006 
Bothriocephalus sp. vs. C. truncatus 0.28 <0.0001 
Bothriocephalus sp. vs. N. tumidus 0.08 0.0424 
E. salmon is vs. N. tumidus 0.25 <0.0001 
Big Bay de Noc A. dirus vs. Bothriocephalus sp. 0.13 0.0176 
A. dirus vs. C. truncatus 0.17 0.0014 
A. dirus vs. E. salmonis 0.11 0.0384 
Bothriocephalus sp. vs. C. truncatus 0.34 <0.0001 
E. salmon is vs. N. tumidus 0.28 <0.0001 
Cheboygan A. dirus vs. Bothriocephalus sp. 0.31 <0.0001 
A. dirus vs. C. truncatus 0.41 <0.0001 
A. dirus vs. E. salmonis 0.16 0.0063 
Bothriocephalus sp. vs. C. truncatus 0.48 <0.0001 
E. salmonis vs. N. tumidus 0.61 <0.0001 
De Tour Village A. dirus vs. Bothriocephalus sp. 0.13 0.0144 
A. dirus vs. C. truncatus 0.26 <0.0001 
A. dirus vs. N. tumidus 0.13 0.0139 
Bothriocephalus sp. vs. C. truncatYii 0.44 <0.0001 
E. salmonis vs. N. tumidus 0.60 <0.0001 
Naubinway Bothriocephalus sp. vs. C. truncatus 0.21 0.0003 
observed for N. tumidus were smaller than those observed for the 
combined helminth and A. dirus infections. 
Echinorhynchus salmonis Muller, 1784: Because of the overall 
low rate of infection with E. salmonis (only 59 of the collected lake 
whitefish were infected with E. salmonis), mixed models for infection 
rates were not constructed, as we were concerned that the low 
sample sizes would not yield meaningful results. Plots of infections 
by sampling occasion suggested that an increase of E. salmonis 
infections was beginning to occur just as this study ended, as 
prevalences in lake whitefish from the BBN, CHB, and DET 
spawning sites rose sharply during spring and summer 2006 (Fig. 5). 
Cyathocephalus truncatus Pallas, 1781: As was the case for the 
combined and the A. dirus infection data (Fig. 6), the model with 
the lowest AlC value for both C. truncatus prevalence and abundance 
was Model 30 (Table I: main effects = site, year, and season; first-
order interactions = site X season and year X season). For intensity 
of infection of C. truncatus, the model with the lowest AlC value was 
Model 31 (Table I: main effects = site, year, and season; first-order 
interactions = site X year, site X season, and year X season), which 
was also the model selected for A. dirus infection intensity. 
Bothriocephalus sp.: For Bothriocephalus sp. prevalence, the 
model with the lowest AIC value was Model 24 (Table I: main 
effects = lake, year, and season; first-order interactions = lake X 
year, lake X season, and year X season), which was the only time 
that lake rather than sampling site was included in the AIC 
selected model. Nevertheless, the occurrence of the lake X year, 
lake X season, and year X season interactions in the selected 
model suggested that differences in infections between lakes 
Huron and Michigan depended heavily on the year and season of 
sampling (Fig 7). For abundance, the model with the lowest AIC 
value was Model 31 (Table I: main effects = site, year, and 
season; first-order interactions = site X year, site X season, and 
year X season). For Bothriocephalus sp. infection intensity, the 
model with the lowest AIC was Model 28 (Table I: main effects = 
site, year, and season; first-order interactions = site X year and 
site X season). 
Influence of sex on infection dynamics 
The addition of sex did not result in lower AIC values for 
infection prevalence for the combined helminth data or for 
individual helminth species for those lake whitefish for which sex 
was recorded. However, the addition of sex did result in lower 
AIC values for infection abundances and intensities for the 
combined helminth data and for individual helminth species, 
which suggested that lake whitefish sexes did differ in infection 
rates. Results were inconsistent as to whether males or females 
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TABLE V. Listing of statistically significant Spearman correlations Cr.) among abundances of GIT helminth species infecting lake whitefish from four 
stocks in northern lakes Huron and Michigan. Results are shown overall, by lake, and by sampling site. 
Area Species r. P-value 
Overall Acanthocephalus dirus vs. Bothriocephalus sp. 0.18 <0.0001 
A. dirus vs. Cyathocephalus truncatus 0.30 <0.0001 
A. dirus vs. Echinorhynchus salmonis 0.09 0.0009 
A. dirus vs. Neoechinorhynchus tumidus 0.06 0.0293 
Bothriocephalus sp. vs. C. truncatus 0.39 <0.0001 
E. salmonis vs. N. tumidus 0.50 <0.0001 
Lake Huron A. dirus vs. Bothriocephalus sp. 0.24 <0.0001 
A. dirus vs. C. truncatus 0.39 <0.0001 
Bothriocephalus sp. vs. C. truncatus 0.47 <0.0001 
E. salmonis vs. N. tumidus 0.60 <0.0001 
Lake Michigan A. dirus vs. Bothriocephalus sp. 0.11 0.0051 
A. dirus vs. C. truncatus 0.17 <0.0001 
A. dirus vs. E. salmonis 0.14 0.0003 
Bothriocephalus sp. vs. C. truncatus 0.28 <0.0001 
Bothriocephalus sp. vs. N. tumidus 0.09 0.0239 
E. salmonis vs. N. tumidus 0.25 <0.0001 
Big Bay de Noc A. dirus vs. Bothriocephalus sp. 0.14 0.0113 
A. dirus vs. C. truncatus 0.15 0.0064 
A. dirus vs. E. salmonis 0.13 0.0207 
Bothriocephalus sp. vs. C. truncatus 0.33 <0.0001 
E. salmonis vs. N. tumidus 0.29 <0.0001 
Cheboygan A. dirus vs. Bothriocephalus sp. 0.34 <0.0001 
A. dirus vs. C. truncatus 0.46 <0.0001 
A. dirus vs. E. salmonis 0.12 0.0415 
Bothriocephalus sp. vs. C. truncatus 0.51 <0.0001 
E. salmonis vs. N. tumidus 0.62 <0.0001 
De Tour Village A. dirus vs. Bothriocephalus sp. 0.16 0.0037 
A. dirus vs. C. truncatus 0.32 <0.0001 
E. salmon is vs. N. tumidus 0.62 <0.0001 
Naubinway A. dirus vs. C. truncatus 0.13 0.0190 
E. salmonis vs. N. tumidus 0.62 <0.0001 
Bothriocephalus sp. vs. C. truncatus 0.20 0.0004 
Bothriocephalus sp. vs. N. tumidus 
had greater infection abundances and intensities. For N. tumidus, 
females and males were about equally likely to have greater 
infection abundances and intensities for any given sampling 
site and sampling occasion. Females had greater N. tumidus 
abundances for 22 of the 46 sampling sites and occasions, while 
males had greater abundances for 20 of the sampling sites and 
occasions. As for N. tumidus intensities, females had greater 
intensities for 5 of the 11 sampling sites and for occasions where 
intensities for both sexes was greater than 0, while males had 
greater intensities for 6 of the sampling sites and occasions. For 
Bothriocephalus sp., males more frequently had higher infection 
abundances (21 of the 46 sampling sites and occasions vs. 18 for 
females) and intensities (12 of the 16 sampling sites and occasions 
where sampling intensities was greater than 0 vs. 4 for females) 
than did females. For the combined helminth data, A. dirus and 
C. truncatus, females more frequently had higher infection 
abundances and intensities across the sampling sites and 
occasions. For the combined helminth data, females had higher 
abundances for 29 of the 46 sampling sites and occasions and 
higher infection intensities for 23 of the 34 sampling sites and 
occasions where intensity for both sexes was greater than O. For 
A. dirus infections, females had higher abundances for 27 of the 46 
sampling sites and occasions and higher infection intensities for 17 
0.12 0.0379 
of the 29 sampling sites for occasions where intensity for both 
sexes was greater than O. For C. truncatus infections, females had 
higher infection abundances for 29 of the 46 sampling sites and 
occasions and higher infection intensities for 11 of the 19 
sampling sites and for occasions where intensity for both sexes 
was greater than O. Overall, the lack of consistent differences in 
infection abundances and intensities suggests that the biological 
relevance of the observed differences in infections between sexes is 
likely small and may not have a large bearing on the health oflake 
whitefish stocks in the Great Lakes. 
Community structure of lake whitefish GIT helminth 
community 
Overall richness of the GIT helminth community in lake 
whitefish from the 4 spawning sites was considered to be low, as 
richness never exceeded 5 and was 0 on 8 occasions. Total species 
richness in fish collected from the BBN, CHB, and DET spawning 
sites was 5, while richness for fish from NAB spawning site was 4. 
As for seasons, overall species richness during fall and winter was 
4, while for spring and summer overall richness was 5. 
For the helminth diversity measures, the mixed models with the 
lowest AIC values were Model 5 (Table I: main effects = season) 
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FIGURE 2. Combined gastrointestinal tract helminth prevalence, abundance, and intensity (±SE) by sampling occasion for lake whitefish (Coregonus 
clupeaformis) collected from the Big Bay de Noc, Naubinway, Cheboygan, and De Tour Village sampling sites (04 = 2004, 05 = 2005, 06 = 2006, 
F = fall, W = winter, S = spring, U = summer). Estimates and SEs are predictions from the AIC-selected generalized linear mixed models constructed 
for each of the infection parameters. 
and Model 7 (Table I: main effects = lake and season), for the 
Simpson and Shannon-Wiener diversity indices, respectively. For 
the Simpson reciprocal diversity index, winter had the greatest 
diversity followed by fall, summer, and spring. For the Shannon-
Wiener diversity index, Lake Michigan had a greater diversity 
than did Lake Huron and winter was the season with the greatest 
diversity followed by fall, summer, and spring. 
The mean Berger-Parker dominance index for the different 
sampling sites and sampling occasions ranged from a minimum of 
0.4 (meaning the dominant species accounted for approximately 
40% of helminth composition) for the BBN spawning site in 
spring 2006 to 1.0 (meaning that the dominant species accounted 
for 100% of the GIT worm composition), which was observed 
on 7 occasions. Dominance in the lake whitefish GIT helminth 
community was primarily shared between A. dirus and C. 
truncatus. Acanthocephalus dirus was the most frequently domi-
nant helminth type for the BBN, CHE, and DET spawning sites, 
followed by C. truncatus and N. tumidus. For the NAB spawning 
site, C. truncatus was the most frequently dominant helminth 
type followed by Bothriocephalus sp. and A. dirus. Sharing of 
dominance between the 2 species was also observed when the 
data were stratified by season. Acanthocephalus dirus was the 
dominant species, with relatively high Berger-Parker index values 
in the fall and summer seasons, while C. truncatus was dominant 
in the winter and spring seasons. Dominance sharing continued 
to be observed when the data was divided by year. In the first 
year, C. truncatus was dominant while A. dirus was the dominant 
species in the second and third years. Interestingly, by the end 
of the study, N. tumidus emerged as a dominant species. For 
example, in the 2006 spring samples, N. tumidus was dominant in 
2 sites (NAB and CHB) and in the 2006 summer samples, N. 
tumidus was dominant in the BBN, DET, and CHB spawning 
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FIGURE 3. Acanthocephalus dirus prevalence, abundance, and intensity (±SE) by sampling occasion for lake whitefish (Coregonus clupeaformis) 
collected from the Big Bay de Noc, Naubinway, Cheboygan, and De Tour Village sampling sites (04 = 2004, 05 = 2005, 06 = 2006, F = fall, 
W = winter, S = spring, U = summer). Estimates and SEs are predictions from the AlC-selected generalized linear mixed models constructed for each of 
the infection parameters. 
sites with BP index values that exceeded 0.5. From the mixed 
models that were constructed for the Berger-Parker dominance 
index, the model with the lowest AIC value was Model 5 
(Table I: main effects = season). Fall was the season with the 
largest dominance index followed in decreasing order by winter, 
summer, and spring. 
Similarities in GIT helminth community composition 
The ordination of the GIT helminth community data clearly 
demonstrated the absence of consistent temporal differences in 
parasite infection (Fig. 8). When the NMDS scores were plotted 
according to sampling site and sampling occasion, different 
sampling sites, years, and seasons often grouped close together, 
indicating similar GIT helminth communities for these sites and 
sampling occasions. The single exception to this pattern was that 
there did appear to be a grouping of sampling sites from the 2006 
spring and summer sampling periods (Fig. 8) which, based on 
the species loadings for the NMDS axes, corresponded to high 
abundances of E. salmonis and N. tumidus. Thus, the NMDS 
ordination supports the notion that the helminth community 
structure in fish from the 4 sampling sites fluctuated widely, 
which is similar to the results found from the individual helminth 
species analyses. When averaged across sampling occasions, the 
BBN, CHB, and DET spawning sites were located relatively 
close in ordination space, suggesting that these sites overall 
had similar helminth community structures whereas the NAB 
spawning site had a somewhat different community structure, 
due primarily to lower A. dirus infections compared to the other 
site (Fig. 8). 
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FIGURE 4. Neoechinorhynchus tumidus prevalence, abundance, and intensity (±SE) by sampling occasion for lake whitefish (Coregonus c!upea!ormis) 
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the infection parameters. 
DISCUSSION 
The number of helminth species detected in GITs of lake 
whitefish from northern lakes Huron and Michigan was lower than 
that reported for fish from other areas in North America (Lawler, 
1970; Hoffman, 1999). Moreover, the majority of examined lake 
whitefish harbored no worms in their GITs or was lightly infected. 
The 5 helminth species found in the GIT of lake whitefish in this 
study are considered to be generalists and have been reported in a 
variety of freshwater fishes in North America, including several 
coregonid species (Lawler, 1970; Camp et aI., 1999; Hoffman, 1999; 
Stewart and Bernier, 1999; Muzzall and Bowen, 2002; Muzzall 
et aI., 2003). Based on abundance data, A. dirus and C. truncatus 
are considered as core species (mean abundances >2 worms/fish) in 
the sampled lake whitefish spawning sites while E. salmonis, N. 
tumidus, and Bothriocephalus sp. are considered as rare species 
(mean abundances <0.7 worms/fish). 
Most of the information available on lake whitefish GIT 
helminths in North America has come from studies conducted in 
Canadian waters. For example, A. dirus was reported in lake 
whitefish from Ontario waters of Lake Huron by Collins and 
Dechtiar (1974) and from Ontario waters of Lake Ontario by 
Dechtiar and Christie (1988) at a prevalence of 28% and an 
intensity of 1 to 9 worms/fish. Bangham (1955) found relatively 
widespread infections with E. salmon is (68 of 99 fish) and C. 
truncatus (40 of 99 fish) in lake whitefish collected from South 
Bay, Ontario and from Lake Huron around the South Bay 
mouth. Dechtiar (1972), who collected 15 lake whitefish from 
Lake of the Woods, Ontario, found 100% infection with C. 
truncates, with abundances ranging from 11 to 50 worms/fish. 
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Dechtiar (1972) also found a single lake whitefish with a light N. 
tumidus infection. In a study conducted on lake whitefish from 
Southern Indian Lake, Manitoba, Canada, Watson and Dick 
(1979) showed that E. salmon is and C. truncatus were core GIT 
helminth species, with prevalences of approximately 38% and 
22% and mean abundances of approximately 5 and 7 worms/fish, 
respectively. Echinorhynchus salmonis and C. truncatus were also 
found in lake whitefish from Cold Lake, Alberta, Canada at 
similar prevalence and abundance levels (Leong and Holmes, 
1981). These 2 species are known for their pathogenicity to other 
coregonids, e.g., Coregonus albula (Lawler, 1970). Other helminth 
species that have been reported to infect lake whitefish GITs, but 
which were not detected in the present study, included Neoechi-
norhynchus crassus, Neoechinorhynchus rutili, Pomphorhynchus 
bulbocolli, Proteocephalus longicollis, Raphidascaris acus, and 
Spinitectus gracilis (Hart, 1931; Hunter and Bangham, 1933; 
Collins and Dechtiar, 1974; Dechtiar and Christie, 1988; Dechtiar 
et aI., 1988; Dechtiar and Lawrie, 1988; Baldwin and Goater, 
2003). This observed variation in GIT helminth species found to 
infect lake whitefish stocks in North America underscores the role 
that biotic and abiotic ecological components play in determining 
parasite community composition in this species. 
Despite the fact that the same helminth species were found in 
both lakes Huron and Michigan in the present study, infection 
parameters (particularly abundance) in lake whitefish from Lake 
Huron sites were generally greater than those of Lake Michigan. 
In a parallel study performed on the same lake whitefish sampling 
sites (Faisal et aI., 2010), the swimbladder nematode Cystidicola 
jarionis also exhibited higher infection parameters in Lake Huron 
sampling sites compared to Lake Michigan sampling sites. 
Additionally, largemouth bass collected in the state of Michigan 
from inland lakes within the Lake Huron watershed had a more 
diverse community of GIT helminths than those collected from 
lakes Michigan or Erie watersheds (Fayed, 2010). Considering the 
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the infection parameters. 
relatively short distance separating the 4 sampling sites, it was 
surprising that lake whitefish from the NAB site had such lower 
levels of GIT helminth infection compared to the other sites. The 
fact that E. salmonis was not found in lake whitefish from the 
NAB site, but was found in fish from the DET, CHB, and BBN 
sites, was also surprising given the distance separating the stocks. 
However, these results are similar to those of Faisal et al. (2010) 
who found that infection of C. jarionis was almost nonexistent for 
lake whitefish from the NAB site, which together suggests that the 
NAB spawning site had fewer parasitic infections in general. 
Similar observations on spatial differences in parasite composi-
tion have been reported for lake whitefish sampled from other 
northern lakes in Alberta (Leong and Holmes, 1981; Poole, 1985) 
and eastern Canada (Curtis, 1988). 
Diet is widely recognized as a major determinant of the 
composition of fish helminth communities. Consequently, one 
obvious hypothesis for the spatial differences in GIT helminths 
observed in this study is that food resources availability differed 
among the sampling sites. Lake whitefish are benthivores, and the 
benthic invertebrate communities of Lakes Huron (McNickle 
et aI., 2006; Nalepa et aI., 2007; Nalepa, Pothoven et aI., 2009) 
and Michigan (Nalepa, Fanslow et aI., 2009) have undergone 
drastic changes since dreissenids first invaded the Great Lakes. 
Messick et al. (2004), who studied the pathology of Diporeia spp. 
from lakes Michigan and Huron, confirmed their role as 
intermediate hosts for cestodes and acanthocephalans. Therefore, 
it is logical to think that parasite communities of lake whitefish 
should be altered in sites where Diporeia spp. has disappeared. 
However, diet may not be the only reason for the low infection of 
the NAB spawning site. Goater et al. (2005), who studied the 
parasite communities in lake whitefish in isolated lakes in the 
Caribou Mountains, Canada found that, despite similarities in 
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diet, there were differences in parasite composItIon that the 
authors attributed to variations in limnological features and the 
diversity and abundance of other fish species at the sampling site. 
Unfortunately, limnological information available on each of the 
sampling sites of this study is not detailed enough to allow for 
drawing correlations between the site characteristics and infection 
parameters of each of the sites. 
The findings of our study clearly demonstrate the presence of 
temporal variations in infection parameters of lake whitefish GIT 
helminths. There did appear to be a general trend of infection 
prevalences and abundances peaking in spring and summer 
months, which was also observed for swimbladder nematodes and 
which suggests that spring peaks in infections are not limited to 
GIT helminths (Faisal et a!., 2010). Similar findings were reported 
by Watson and Dick (1979) for infection abundance of E. 
salmonis and C. truncatus in lake whitefish collected from the 
Southern Indian Lake, Manitoba, Canada. Based only on the 
data generated in this study and available information on the 
sampling sites, one cannot determine the factors that led to 
increased spring and summer parasitism in examined specimens. 
One of the important temporal changes noticed in this study 
was the overall decline in prevalence of GIT worms in the 3rd year 
of the study, with an absence of all GIT parasites in several 
samples. Concomitant with this decline was the obvious change in 
the relative composition of GIT helminth community in the 3rd 
year; as A. dirus, C. truncatus, and Bothriocephalus sp. prevalence 
sharply declined by 30-85%, prevalence in N. tumidus and E. 
salmonis sharply increased between 4- and 5-fold. No dramatic 
changes in the surrounding ecosystem that can explain this 
phenomenon are known except what has been implicated as the 
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the NMDS axes are indicated near the axes. The inset graph is a close-up 
of the lower-right quadrant of the NMDS ordination. 
cause for the declining lake whitefish growth and condition, i.e., 
the steady decline of Diporeia spp. along with the steady increase 
in the abundance of invasive dreissenids in lakes Michigan and 
Huron. 
In general, the dispersal and movement differences among the 
lake whitefish stocks can explain the spatial and temporal 
variations in infection parameters noticed in this study. The 
findings of Ebener et al. (2010) that analyzed tag-recapture data 
demonstrated that the stocks were primarily segregated during the 
spawning season, which lasts from fall to midwinter, but that fish 
from the 4 stocks (particularly the DET and CHB stocks) were 
mixed during the remainder of the year. While differences in 
dispersal and movement of the 4 lake whitefish stocks may help 
explain the seasonal fluctuations in infection parameters, it does 
not necessarily explain the absence of E. salmon is in the NAB 
spawning site throughout the course of this study or the decline in 
infection parameters observed in the 3rd year. 
From our study, it is evident that the lake whitefish GIT 
helminth community in northern Lakes Huron and Michigan 
stocks is species poor, with relatively low diversity and only 
2 dominant species. Competition among the helminth species does 
not appear to be likely, given that there were no negative 
correlations in prevalence or abundance of any of the helminth 
species. On the contrary, the numerous positive correlations 
among the helminth species suggested that the different helminth 
species may share many macroinvertebrate intermediate hosts. 
Given the variability in lake whitefish GIT helminth commu-
nity structure observed as part of this study, predictions of lake 
whitefish GIT helminth community composition for particular 
areas or points in time would likely prove difficult. Similarly, 
using GIT helminth community composition to determine from 
which spawning stock a particular fish came would also likely 
prove difficult (MacKenzie and Abaunza, 1998). Diversity of 
infection was not as dynamic as infection prevalence, abundance, 
and intensity but, nevertheless, did vary in space and time. Winter 
samples of this study had higher diversity when compared to 
spring or summer samples. Likewise, samples collected in the 3rd 
year of the study had somewhat higher diversity than those of the 
1st and 2nd years. This increased diversity can be explained by the 
decline in prevalence of the 2 core species (A. dirus and C. 
truncatus), thereby increasing the relative contribution of the rare 
species in the calculations of both diversity indices. This same 
explanation applies to the increased Shannon-Wiener diversity 
index value for Lake Michigan lake whitefish stocks, as these 
stocks had a lower prevalence of the 2 core species compared to 
Lake Huron stocks, thereby increasing the contribution of the 
rare species to the Shannon-Wiener diversity index value. Since 
the Shannon-Wiener diversity index does not amplify the 
contribution of the core species to the index value like the 
Simpson diversity index does, the increased diversity in Lake 
Michigan was demonstrated by the former but not by the latter 
index. 
In conclusion, the data generated in this study will be beneficial 
to fishery managers, as the lake whitefish commercial fishery is 
one of the most economically important fisheries in the Great 
Lakes region. The presented data represent the most comprehen-
sive parasitological study ever conducted on lake whitefish in the 
Laurentian Great Lakes. This information is much needed for 
future studies aimed at studying the role of GIT helminths in lake 
whitefish growth and condition. Future research directed towards 
identifying the underlying mechanisms of the large fluctuations in 
infection parameters and localization of some parasitic infections 
that were observed in this study would be beneficial for 
determining potential risks to lake whitefish stocks. The sites 
from which lake whitefish were collected have never been 
previously examined for GIT worms. Therefore, most of these 
findings should be considered as geographical range extensions 
for the 5 parasite species. 
ACKNOWLEDGMENTS 
The authors thank current and past members of Michigan State 
University-Aquatic Animal Health Laboratory (MSU-AAHL) who 
assisted in this multi-year effort. Funding was provided by the Great 
Lakes Fishery Trust, Lansing, Michigan, Project 2003-06. This is 
manuscript 52 of AAHL and 2011-05 of the Quantitative Fisheries Center 
at Michigan State University. 
LITERATURE CITED 
ALIFF, J. V., D. SMITH, AND H. LUCAS. 1977. Some metazoan parasites 
from fishes of middle Georgia. Transactions of the American 
Microscopical Society 96: 145-148. 
AMIN, O. M. 1985. Classification. In Biology of the Acanthocephala, 
D. W. T. Crompton and B. B. Nickol (eds.). Cambridge University 
Press, Cambridge, U.K., p. 27-72. 
BALDWIN, R. E., AND C. P. GOATER. 2003. Circulation of parasites among 
fishes from lakes in the Caribou Mountains, Alberta, Canada. 
Journal of Parasitology 89: 215-225. 
BANGHAM, R. V. 1955. Studies on fish parasites of Lake Huron and 
Manitoulin Island, American Midland Naturalist 53: 184-194. 
BERGER, W. H., AND F. L. PARKER. 1970. Diversity of planktonic 
foraminifera in deep-sea sediments. Science 168: 1345-1347. 
BIERMAN JR, V. J., J. KAUR, J. V. DEPINTO, T. J. FEIST, AND D. W. DILKS. 
2005. Modeling the role of zebra mussels in the proliferation of blue-
green algae in Saginaw Bay, Lake Huron. Journal of Great Lakes 
Research 31: 32-55. 
BURNHAM, K. P., AND D. R. ANDERSON. 2002. Model selection and multi-
model inference: A practical information-theoretic approach, 2nd ed. 
Springer-Verlag, New York, New York, 488 p. 
BUSH, A. 0., K. D. LAFFERTY, J. M. LoTZ, AND A. W. SHOSTAK. 1997. 
Parasitology meets ecology on its own terms: Margolis et al. revisited. 
Journal of Parasitology 83: 575-583. 
CAMP, J. W., L. M. BLANEY, AND D. K. BARNES. 1999. Helminths of the 
round goby, Neogobius melanostomus (Perciformes: Gobiidae), from 
southern Lake Michigan, Indiana. Journal of the Helminthological 
Society of Washington 66: 70-72. 
COLLINS, J. J., AND A. O. DECHTIAR. 1974. Parasite fauna of kokanee 
salmon (Oncorhynchus nerka) introduced into Lake Huron. Journal 
of the Fisheries Research Board of Canada 31: 1818-1821. 
CURTIS, M. A. 1988. Determinants in the formation of parasite 
communities in coregonids. Finnish Fisheries Research 9: 303-312. 
DECHTIAR, A. 0.1972. Parasites offish from Lake of the Woods, Ontario. 
Journal of the Fisheries Research Board of Canada 29: 275-283. 
---, AND W. J. CHRISTIE. 1988. Survey of the parasite fauna of Lake 
Ontario fishes, 1961-1971. In Parasites of fishes in the Canadian 
waters of the Great Lakes, S. J. Nepszy (ed.). Great Lakes Fishery 
Commission Technical Report No. 51, Ann Arbor, Michigan, 
p.66-95. 
---, J. J. COLLINS, AND J. A. RECKAHN. 1988. Survey of the parasite 
fauna of Lake Huron fishes, 1961-1971. In Parasites of fishes in the 
Canadian waters of the Great Lakes, S. J. Nepszy (ed.). Great Lakes 
Fishery Commission Technical Report No. 51, Ann Arbor, Michi-
gan, p. 19-48. 
---, AND A. H. LAWRIE. 1988. Survey of the parasite fauna of Lake 
Superior fishes, 1969-1975. In Parasites of fishes in the Canadian 
waters of the Great Lakes, S. J. Nepszy (ed.). Great Lakes Fishery 
Commission Technical Report No. 51, Ann Arbor, Michigan, p. 1-18. 
EBENER, M. P., T. O. BRENDEN, G. M. WRIGHT, M. L. JONES, AND M. 
FAISAL. 2010. Spatial and temporal distributions of lake whitefish 
spawning stocks in northern lakes Michigan and Huron, 2003-2008. 
Journal of Great Lakes Research 36(Suppl. 1): 38-51. 
---, R. E. KINNUNEN, P. J. SCHNEEBERGER, L. C. MOHR, J. A. HOYLE, 
AND P. PEETERS. 2008. Management of commercial fisheries for lake 
whitefish in the Laurentian Great Lakes of North America. In 
International governance of fisheries ecosystems: Learning from the 
past, finding solutions for the future, M. G. Schechter, N. J. Leonard, 
and W. W. Taylor (eds.). American Fisheries Society, Bethesda, 
Maryland, p. 99-143. 
FAISAL, M., W. FAYED, T. O. BRENDEN, A. NOOR, M. P. EBENER, G. M. 
WRIGHT, AND M. L. JONES. 2010. Widespread infection of lake 
whitefish Coregonus clupeaformis with the swimbladder nematode 
Cystidicola farionis in northern lakes Michigan and Huron. Journal 
of Great Lakes Research 36(Suppl. 1): 18-28. 
FAYED, W. 2010. Endohelminth diversity of largemouth bass and lake 
whitefish in Michigan. Ph.D. Dissertation. Michigan State Univer-
sity, East Lansing, Michigan, 214 p. 
GOATER, C. P., R. E. BALDWIN, AND G. J. SCRIMGEOUR. 2005. Physico-
chemical determinants of helminth component community structure 
in whitefish (Coregonus clupeaformes) from adjacent lakes in 
Northern Alberta, Canada. Parasitology 131: 713-722. 
HART, J. L. 1931. The growth of the whitefish Coregonus clupeaformis 
(Mitchill). Contributions to Canadian Biology and Fisheries (New 
Series) 20: 429-444. 
HOFFMAN, G. L. 1999. Parasites of North American freshwater fishes, 2nd 
ed. Cornell University Press, Ithaca, New York, 539 p. 
HUNTER, Ill, G. W., AND R. V. BANGHAM. 1933. Studies on the fish 
parasites of Lake Erie. II. New Cestoda and Nematoda. Journal of 
Parasitology 19: 304-311. 
INGHAM, R. E., AND N. O. DRONEN JR. 1982. Some effects of seasonality on 
helminthic infection in largemouth bass, Micropterus salmoides 
(Lacepede) (Centrarchidae). Southwestern Naturalist 27: 223-225. 
LAWLER, G. H. 1970. Parasites of coregonid fishes. In Biology of coregonid 
fishes, C. C. Lindsey and C. S. Woods (eds.). University of Manitoba 
Press, Winnipeg, Manitoba, Canada, p. 279-303. 
LEONG, T. S., AND J. C. HOLMES. 1981. Communities of metazoan parasites 
in open water fishes of Cold Lake, Alberta. Journal of Fish Biology 
18: 693-713. 
FAISAL ET AL.-LAKE WHITEFISH GASTROINTESTINAL HELMINTHS 773 
MACKENZIE, K., AND P. ABAUNZA. 1998. Parasites as biological tags for 
stock discrimination of marine fish: A guide to procedures and 
methods. Fisheries Research 38: 45-56. 
McNICKLE, G. G., M. D. RENNIE, AND W. G. SPRULES. 2006. Changes in 
benthic invertebrate communities of South Bay, Lake Huron 
following invasion by zebra mussels (Dreissena polymorpha), and 
potential effects on lake whitefish (Coregonus clupeaformis) diet and 
growth. Journal of Great Lakes Research 32: 180-193. 
MESSICK, G. A., R. M. OVERSTREET, T. F. NALEPA, AND S. TYLER. 2004. 
Prevalence of parasites in amphipods Diporeia spp. from Lakes 
Michigan and Huron, USA. Diseases of Aquatic Organisms 59: 
159-170. 
MORAVEC, F. 1980. Biology of Cucullanus truttae (Nematoda) in a trout 
stream. Folia Parasitologica 27: 217-226. 
MUZZALL, P. M., AND C. A. BOWEN II. 2002. Parasites of the slimy sculpin, 
Cottus cognatus Richardson, 1836, from Lake Huron, U.S.A. 
Comparative Parasitology 69: 196-201. 
---, M. G. GILLILLAND III, C. A. BOWEN II, N. R. COADY, AND C. R. 
PEEBLES. 2003. Parasites of burbot, Lota Iota, from Lake Huron, 
Michigan, U.S.A., with a checklist of the North American parasites 
of burbot. Comparative Parasitology 70: 182-195. 
NALEPA, T. F., D. L. FANSLOW, AND G. A. LANG. 2009. Transformation of 
the offshore benthic community in Lake Michigan: Recent shift from 
the native amphipod Diporeia spp. to the invasive mussel Dreissena 
rostriformis bugensis. Freshwater Biology 54: 466-479. 
---, ---, AND G. MESSICK. 2005. Characteristics and potential 
causes of declining Diporeia spp. populations in southern Lake 
Michigan and Saginaw Bay, Lake Huron. In Proceedings 
of a workshop on the dynamics of lake whitefish (Coregonus 
clupeaformis) and the amphipod Diporeia spp. in the Great Lakes, 
L. C. Mohr and T. F. Nalepa (eds.). Great Lakes Fishery 
Commission Technical Report No. 66, Ann Arbor, Michigan, p. 
157-188. 
---, ---, S. A. POTHOVEN, A. J. FOLEY III, AND G. A. LANG. 2007. 
Long-term trends in benthic macroinvertebrate populations in Lake 
Huron over the past four decades. Journal of Great Lakes Research 
33: 421-436. 
---, D. J. HARTSON, D. L. FANSLOW, G. A. LANG, AND S. J. LOZANO. 
1998. Declines in benthic macro invertebrate populations in southern 
Lake Michigan, 1980-1993. Canadian Journal of Fisheries and 
Aquatic Sciences 55: 2402-2413. 
---, S. A. POTHOVEN, AND D. L. FANSLOW. 2009. Recent changes in 
benthic macroinvertebrate populations in Lake Huron and impact 
on the diet of lake whitefish (Coregonus clupeaformis). Aquatic 
Ecosystem Health and Management 12: 2-10. 
OKSANEN, J., F. G. BLANCHET, R. KINDT, P. LEGENDRE, R. B. O'HARA, 
G. L. SIMPSON, P. SOLYMOS, M. H. H. STEVENS, AND H. WAGNER. 
2010. Vegan: Community Ecology Package. R package version 1.17-
3. Available at: http://CRAN.R-project.orglpackage=vegan. 
POOLE, B. C. 1985. Fish-parasite population dynamics in seven small 
boreal lakes of central Canada. M.S. Thesis. University of Manitoba, 
Winnipeg, Manitoba, Canada, 187 p. 
POTHOVEN, S. A. 2005. Changes in lake whitefish diet in Lake Michigan, 
1998-2001. In Proceedings of a workshop on the dynamics of lake 
whitefish (Coregonus clupeaformis) and the amphipod Diporeia spp. 
in the Great Lakes, L. C. Mohr, and T. F. Nalepa (eds.). Great Lakes 
Fishery Commission Technical Report No. 66, Ann Arbor, Michi-
gan, p. 127-140. 
---, AND C. P. MADENJIAN. 2008. Changes in consumption by alewives 
and lake whitefish after dreissenid mussel invasions in lakes Michigan 
and Huron. North American Journal of Fisheries Management 28: 
308-320. 
---, T. F. NALEPA, P. J. SCHNEEBERGER, AND S. B. BRANDT. 2001. 
Changes in diet and body condition of lake whitefish in southern 
Lake Michigan associated with changes in benthos. North American 
Journal of Fisheries Management 21: 876-883. 
R DEVELOPMENT CORE TEAM. 2010. R: A language and environment for 
statistical computing. R Foundation for Statistical Computing. 
Vienna, Austria. Available at: http://www.R-project.org. 
SAS INSTITUTE, INC. 2010. SAS/STAT 9.22 User's Guide. Cary, North 
Carolina, 8460 p. 
SHANNON, C. E. 1948. A mathematical theory of communication. Bell 
System Technical Journal 27: 379-423, 623-656. 
774 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.5, OCTOBER 2011 
SIMPSON, E. H. 1949. Measurement of diversity. Nature 163: 688. 
STEWART, D. B., AND L. M. J. BERNIER. 1999. Common parasites, diseases 
and injuries of freshwater fishes in the Northwest Territories and 
Nunavut. Arctic Biological Consultants for the Canada Department 
of Fisheries and Oceans, Central and Arctic Region, Winnipeg, 
Manitoba Canada, 41 p. 
WATSON, R. A., AND T. A. DICK. 1979. Metazoan parasites of whitefish, 
Coregonus clupeaformis (Mitchill) and cisco, C. artedii LeSueur from 
Southern Indian Lake, Manitoba. Journal of Fish Biology 15: 
579-587. 
YAMAGUTI, S. 1971. Synopsis of digenetic trematodes of vertebrates, 
vols. 1-2. Keigaku Publishing Company, Tokyo, Japan, 2821 p. 
J. Parasitoi., 97(5), 2011, pp. 775-778 
© American Society of Parasitologists 2011 
DO HEAVY BURDENS OF SCHISTOCEPHALUS SOLIDUS IN JUVENILE THREESPINE 
STICKLEBACK RESULT IN DISASTER FOR THE PARASITE? 
David C. Heins and John A. Baker* 
Department of Ecology and Evolutionary Biology, 400 Lindy Boggs Center, Tulane University, New Orleans, Louisiana 70118. e-mail: heins@tu/ane.edu 
ABSTRACT: The diphyllobothriidean cestode Schistocephalus solidus typically infects threespine sticklebacks that are too small to 
allow the parasite to reach a mature size. As a result, the parasite must allow further growth of its host to reach the size at which it 
becomes competent to infect and reproduce in the definitive host. At times, however, intensity of infection can be high, leading to 
crowding among parasites and to heavy burdens causing mortality among hosts. Our data show that, during a previously observed 
epizootic, large percentages of plerocercoids (average 75% per host, 82% among all parasites pooled) did not grow to become massive 
enough in I-yr-old threespine sticklebacks to be capable of establishment and maturation in the definitive host. Massive deaths of I-yr-
old sticklebacks due to infection during the epizootic resulted in the great misfortune of a disaster for a large number of parasites, 
resulting in dramatically reduced transmission of S. solidus. 
The diphyllobothriidean cestode Schistocephalus solidus usually 
infects intermediate host threespine stickleback fish when stickle-
backs are small (Christen and Milinski, 2005; Heins et aI., 2011). 
As a result, S. solidus typically begins the plerocercoid phase of its 
life cycle in a host that is too small for the parasite to reach a 
mature size (Christen and Milinski, 2005). The parasite must, 
therefore, allow further growth of its host to reach the size at 
which the parasite can become competent to infect and reproduce 
in the definitive host (Christen and Milinski, 2005). In Alaska, 
infections of sticklebacks begin occurring among young-of-the-
year fish, within months after hatching, while they are still very 
small (Heins et aI., 2011). A number of factors may limit the 
number of plerocercoids that complete the life cycle. 
During some epizootics, intensity of infection can become high 
among young sticklebacks in the first year of life (Heins et aI., 
2011). Moreover, there is a strong "crowding effect" because of 
an inverse relationship between parasite size and number among 
plerocercoids in the threespine stickleback (Heins et aI., 2002). 
The phenomenon was first demonstrated by Read (1951) and 
Roberts (1961; also see Roberts, 2000) for a different species of 
tapeworm and with very different consequences for both the 
parasite and the host. As a result of crowding, density-dependent 
processes alone can affect the fitness of worms by influencing the 
number from any single host that can potentially infect and 
reproduce in a definitive host (Heins et aI., 2002). During 
epizootic events, parasite:host biomass ratios among 1-yr-old 
sticklebacks can become very high, and the stress of infection 
from the heavy burdens may directly result in the deaths of large 
numbers of hosts that do not grow to become 2-yr-old fish (Heins 
et aI., 2011). Thus, host age, intensity of infection, and para-
site:host biomass ratio may be factors leading to the untimely 
demise of large numbers of parasites. 
A disaster is a great misfortune that is the manifestation of 
extreme natural phenomena causing widespread loss. Large 
parasite:host biomass ratios in a large percentage of 1-yr-old 
sticklebacks with high-intensity infections would appear to be a 
disaster waiting to happen for the parasite. Heavy physiological 
burdens imposed on 1-yr-old fish during epizootic cycles, 
resulting directly in widespread deaths among 1-yr-old hosts 
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(Heins et aI., 2011), could result in a disaster iflarge percentages 
of plerocercoids are unable to complete the life cycle because they 
are too small to transmit to the definitive host. The 1-yr-old 
stickleback becomes the only possible means of transmission for 
plerocercoids ending up in hosts with large parasite burdens. 
Widespread mortality among 1-yr-old stickleback hosts should, 
therefore, result in the pre-mature deaths of large numbers of 
plerocercoids and reduce the transmission of S. solidus. The pur-
pose of the present study is to analyze infection characteristics of 
1-yr-old threespine sticklebacks during an epizootic event in Scout 
Lake of south-central Alaska that was investigated earlier by 
Heins et aI. (2011). Our objective here was to ask whether infec-
tions in 1-yr-old sticklebacks result in large percentages of worms 
being unable to complete the life cycle, thus reducing transmission 
as inferred by Heins et aI. (2011). To answer these questions, we 
analyzed masses of individual parasites and parasite:host biomass 
ratios in infections of 1-yr-old sticklebacks. We then quantified 
host survivorship from 1 yr to 2 yr of age to determine the relation-
ship between survivorship of hosts and their parasites. Finally, we 
investigated plerocercoid prevalence and intensity among surviving 
2-yr-old sticklebacks. 
MATERIALS AND METHODS 
Host-parasite system 
The life of S. solidus begins as a free-swimming coracidium that is 
ingested by a planktonic microcrustacean and continues as a procercoid in 
a cyc1opoid copepod, a plerocercoid in a threespine stickleback fish and an 
adult tapeworm in a piscivorous bird (Smyth, 1962). Transmission among 
hosts occurs via predation, which is often referred to as trophic 
transmission. Sticklebacks are most likely to become infected when they 
are eating copepods as small fish less than about 38 mm (Pennycuick, 
1971; Christen and Miliniski, 2005). Inferences about the timing of 
infection in Alaska indicate that young-of-the-year threespine sticklebacks 
likely become infected starting mid-July to late August after hatching in 
the spring (Heins et aI., 2011). Many infections, and most parasite growth 
during the first year of life for a cohort of sticklebacks, appear to occur in 
an iced-over lake the following winter months (Heins et aI., 2011) that 
precede the capture of l-yr-old sticklebacks the next spring. Moreover, 
most infections appear to occur during the first year of life for host fish 
(Heins et aI., 2011). 
Field samples 
Collections of sticklebacks were obtained from Scout Lake, Alaska, in 
June 1997-1999, using 3- to 6-mm wire-mesh minnow traps set near shore. 
All fish were anesthetized in MS222 until quiescent prior to fixation in 
10% formalin and storage until examination based on an institutionally 
approved protocol. Scout Lake (600 32.117'N, 1500 49.917'W) is on the 
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Kenai Peninsula, which borders Cook Inlet; it sits at an elevation of 75 m 
and has 38 surface ha with a mean depth of 4.0 m. Lakes in this region are 
usually covered by ice from October into May (Woods, 1985). Additional 
information about the lake is available in Heins et al. (2002). 
The time of infection could not be controlled because field samples were 
used. Thus, the weights of parasites reflect the time since infection in 
addition to other factors influencing their growth. As a result, our rather 
large data set includes considerable variation in values; however, general 
patterns are nonetheless apparent. 
Data collection 
Fish assumed to be I-yr-old (,.;41 mm SL, based on length-frequency 
distributions; see fig. 2, Heins et aI., 2011) were used to obtain estimates of 
the sizes attained by parasites in stickleback within I yr. Specimens of the 
threespine stickleback were dissected to remove S. solidus plerocercoids 
from the body cavities. Masses of both eviscerated fish (hereafter, host 
body mass) and individual plerocercoids were weighed to the nearest 
0.001 g after they were blotted on a soft paper towel. Masses of smaller, 
un-weighable plerocercoids were each estimated to be 0.5 mg based on 
measurements of some very small plerocercoids using a balance with 
greater precision. Doubtless this value underestimates the mass of some 
worms, whereas it overestimates the mass of others. The error, however, is 
very small. Mean plerocercoid mass per host was calculated by dividing 
the total mass of all parasites from each infected fish by the total number 
of worms. 
A parasite:host biomass ratio (PI = parasite index) was calculated using 
the formula PI = (P/H), in which P is the total weight of all the parasites in 
each host and H is the mass of the host (Arme and Owen, 1967). PI is 
expressed as a percentage (PI* 100) for ease of understanding in the text and 
figures. To compare PI distributions between 1- and 2-yr-old hosts, we used 
PI data from the present study as well as PI data for 2-yr-olds (~47 mm SL) 
from an earlier study (Heins et aI., 2002). Our non-adjoining size criteria for 
1- and 2-yr-olds were chosen in an effort to ensure that we did not include 
large I-yr-olds among 2-yr-olds or smalI2-yr-olds among I-yr-olds. 
To quantify abundance of sticklebacks, catch-per-unit effort (CPUE) 
was calculated for the 2 age groups established based on the size criteria 
indicated above. We calculated CPUE for infected and uninfected 
sticklebacks in each age group in order to compare abundance of infected 
fish with uninfected fish. CPUE values are expressed as the number of fish 
caught per trap per hour. 
Competent plerocercoids capable of completing the life cycle are able to 
establish themselves in the gut of the definitive host and mature sexually to 
produce eggs, which are nearly synchronous processes (Hopkins and 
McCaig, 1963; Heins et aI., 2002). To calculate the predicted percentage of 
competent plerocercoids, a threshold weight of at least 51 mg was assumed 
to be necessary (Tierney and Crompton, 1992). This threshold value may 
result in an underestimate of competent parasites because plerocercoids 
may become competent at lower weights (Clarke, 1952; Hopkins and 
McCaig, 1963). Moreover, Tierney and Crompton (1992) used larvae 
obtained at different times of the year; larvae in the present study 
apparently overwintered, although the infections began at different times 
in the preceding fall and winter (Heins et aI., 2011). If both plerocercoid 
age and size affect competency, use of a 51-mg threshold may bias our 
results toward a higher threshold than occurs in nature. Moreover, there 
may be a gradual increase in competence with plerocercoid size among 
parasites, or there may be geographic variation in the size at which 
plerocercoids become competent. 
Data analysis 
The full extent of disasters is not always immediately and readily 
apparent. How, then, do we know if we observed a disaster? First, there 
should be evidence of massive deaths of plerocercoids before they reach 
the size of maturity; we should see evidence of this phenomenon among 
both hosts and parasites. Second, there should be evidence that these 
deaths resulted in reduced transmission and, hence, reduced prevalence 
and intensity of infections. Thus, our data analysis focused on the 
population dynamics of the parasite among 1- and 2-yr-old sticklebacks. 
Simple correlations were calculated to measure the association of 
intensity and percentage of competent parasites with PI among I-yr-
old sticklebacks. Parasitized 2-yr-old sticklebacks were compared across 
1997-1999 for both prevalence and intensity via I-way ANOVAs because 
2-yr-old stickleback hosts appear to transmit the greatest proportion of 
competent parasites to piscivorous avifauna (see below). For prevalence, we 
used a generalized analysis in which the dependent variable was 2-state, i.e., 
infected or not. The logit link function was employed. For intensity, we 
analyzed square-root-transformed parasite counts, initially using fish SL as 
a covariate. Even though SL predicts parasite intensity overall, in this 
reduced analysis of adults only, the covariate was not significant (P > 0.5) 
and the covariate was deleted from the model. For intensity, Bonferroni-
corrected pairwise post-hoc tests were made to determine significant year-
to-year subsets. SYSTAT 12 (SYSTAT, Chicago, Illinois) and STATIS-
TICA 9.1 (StatSoft, Inc., Tulsa, Oklahoma) were used for all analyses. 
RESULTS 
Stickleback infections 
Among l-yr-old stickleback hosts (n = 778), ranging in length 
from 24-41 mm SL, intensity ranged from 1-45 plerocercoids and 
averaged 6.3 (±SD 5.0) parasites per host. An average of 25.1 % 
of the worms was competent (51 mg or greater) in any given host. 
Among all parasites pooled (n = 4,892), 17.6% was competent. 
Parasite:host biomass ratios were 0.001-1.312 (0.1-131 percent). 
Hosts with larger PIs had a greater intensity of infection (r = 
0.435, t = 13.46, df = 776, P < 0.001). The proportion of 
competent parasites per hosts was negatively related to intensity 
(r = -0.302, t = 8.81, df = 776; P < 0.001). 
Survivorship of hosts 
The CPUE of infected sticklebacks showed that abundances of 
l-yr-old hosts in 1 yr were much greater than abundances of 2-yr-
old hosts the following year during both the 1997-1998 and 1998-
1999 periods, whereas abundances of uninfected fish remained 
about the same. The CPUE for infected l-yr-old fish in 1997 was 2.4 
and was 0.4 for 2-yr-old hosts in 1998. Similarly, the CPUE for 
infected l-yr-old fish in 1998 was 1.8 and was 0.3 for 2-yr-old hosts 
in 1999. During the same times, CPUE for uninfected fish was 0.3 
for l-yr-old sticklebacks in 1997 and 0.5 in 2-yr-old fish in 1998, and 
0.7 in l-yr-old sticklebacks in 1998 and 1.2 in 2-yr-old fish in 1999. 
Survivorship of parasites 
The distribution of PI values among l-yr-olds in 1997 compared 
to the distribution among the 2-yr-olds of this same cohort in 1998 
(Fig. 1) shows that large percentages of more heavily infected l-yr-
old sticklebacks did not survive the winter and, therefore, did not 
become 2-yr-olds the following year. The l-yr-olds were collected in 
the spring of 1997, and we should have expected PIs to be even 
greater among hosts recruited to 2-yr-olds in the spring of 1998. 
This suggests that loses of parasites were massive. Thus, large 
numbers of plerocercoids appear to have perished because those 
hosts with large PIs also had large numbers of parasites. The 
change in distribution of PI values among l-yr-olds in 1998, 
compared to the distribution among the same cohort as 2-yr-olds in 
1999 (data not illustrated), shows an even greater loss of heavily 
infected fish. By 1999, 88% of l-yr-olds had a PI of 5% or less. 
Prevalence and intensity 
Prevalence of infection in adult sticklebacks declined signifi-
cantly across the 3 yr (Fig. 2; log-likelihood = -431.22, X2 = 
28.98, P < 0.0001), with the estimated probability of infection in 
1999 being significantly less than in 1997-1998 (P < 0.001). 
During the last 2 yr, the number of adults was also relatively low. 
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FIGURE 1. Distributions of parasite:host biomass ratio among juvenile 
threespine sticklebacks in 1997 (n = 227) and surviving adult sticklebacks 
in 1998 (n = 57). 
Intensity (square-root transformed) declined in parallel with 
prevalence, showing a significant overall decline between 1997 
and 1999 (Fig. 3; F2,261 = 7.09, P < 0.001). Intensity was lower in 
1999 than in the other 2 yr (1997 vs. 1999, P = 0.007; 1998 vs. 
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FIGURE 3. Mean intensity (±95% confidence interval) of Schistoce-
phalus solidus among 2-yr-old threespine sticklebacks from Scout Lake, 
Alaska, 1997-1999. 
1999, P = 0.027), which did not differ (P > 0.5). Although 
variances were not equivalent (Bartlett's Test, X2 = 11.62, P = 
0.003), this clearly had no substantive effect on conclusions. 
DISCUSSION 
Our measurements of parasite mass show that most plerocer-
coids in l-yr-old stickleback hosts are not large enough to be 
competent to infect and reproduce in a piscivorous bird serving as 
a definitive host. PI appears to increase with intensity of infection, 
and the percentage of competent parasites appears to decrease as 
intensity increases. Moreover, mean parasite mass in these 
infections decreased significantly with intensity (D. Heins, pers. 
observ.). Thus, a crowding effect was apparent among juvenile 
sticklebacks, just as it was among adult stickleback hosts (Heins 
et aI., 2002). Although there would be time between our sampling 
period and the next winter for further growth of parasites, we 
expect that the high parasite:host body mass ratios, coupled with 
density dependent effects, would severely limit additional parasite 
growth. Another limitation on the likelihood that many 
plerocercoids in l-yr-old fish will become mature is host mortality 
due to the stress of infection and to predation by trout or birds. 
Thus, stickleback hosts that have lived 2 yr likely transmit the 
greatest proportion of competent parasites to the definitive hosts. 
Massive mortality of l-yr-old hosts over winter, if not during 
the preceding spring and summer, has been inferred from data 
demonstrating that an epizootic event occurred in Scout Lake 
from 1997-1999 and ended by 2000 (Heins et aI., 2011). The data 
presented here show that the abundance (CPUE) of hosts declined 
greatly between 1- and 2-yr of age, while the abundances of 
uninfected fish remained relatively unchanged. Moreover, the 
data on distributions of PIs show that the most heavily infected 
sticklebacks with the greatest numbers of worms suffered the 
greatest rate of death. Thus, we conclude that most plerocercoids 
in l-yr-old stickleback hosts with heavy burdens likely do not 
complete their life cycles because large percentages of their hosts 
die before the parasites become competent. We would expect to 
see some small percentage of hosts with heavy burdens perish with 
their immature parasites in those years when there is no outbreak, 
778 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.5, OCTOBER 2011 
but the phenomenon documented in this study should be extreme 
and widespread in the midst of epizootics. 
In the present case, the deaths of large proportions of 
plerocercoids before they reached the mass required for compe-
tency apparently resulted in reduced prevalence and intensity 
among 2-yr-old sticklebacks, which serve as the base for most of the 
transmission to, and reproduction in, piscivorous birds. In turn, 
transmission to new cohorts of small young-of-the-year stickle-
backs was reduced (Heins et aI., 2011). Thus, a reduction in 
transmission stemming from the disaster among plerocercoids in 1-
yr-old sticklebacks with heavy burdens in 2 sequential years 
appears to be a major cause for the decline of the documented 
epizootic event in Scout Lake. The decline in the epizootic observed 
in Scout Lake spanned 2 yr, likely because of the large numbers of 
potential stickleback hosts in the population, the large number 
of parasites in the lake, and the great reproductive potential of 
individual parasites. By 1999-2000, however, the impact of2 yr of 
large losses of heavily infected 1-yr-old stickleback hosts during 
the disastrous periods in 1997-1998 and 1998-1999 was readily 
apparent as an epizootic came to an end (Heins et aI., 2011). 
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STRUCTURE OF PARASITE COMPONENT COMMUNITIES OF DIDELPHID MARSUPIALS: 
INSIGHTS FROM A COMPARATIVE STUDY 
F. Agustin Jimenez, Fran~ois Catzeflis*, and Scott L. Gardnert 
Department of Zoology, Southern Illinois University, Carbondale, Illinois 62501-6501. e-mail: agustinjz@zoology.siu.edu 
ABSTRACT: The parasite fauna of the gray four-eyed opossum, Philander opossum (Linnaeus, 1758), and the common opossum, 
Didelphis marsupialis Linnaeus, 1758, in Camp du Tigre, French Guiana, is characterized. Nine species from the gastrointestinal system 
were recovered from both species, which shared 80% of their parasites. The parasite fauna comprised several monoxenous species 
(63%) and was dominated by Aspidodera rail/ieti Travassos, 1914, which exhibited high levels of prevalence and abundance in both 
communities. Only 2 species (Moennigia sp. and Spirura guianensis) had been recorded in other species of mammals. Both species 
richness and taxonomic composition at the level of component communities from this locality were compared against 11 communities 
present in the Virginia (Didelphis virginiana), white-bellied (Didelphis albiventris), and common opossum from Argentina, Brazil, 
Mexico, and the United States. Neither host phylogeny nor taxonomy accounted for statistical differences in species richness. There 
was no statistical difference among species richness values among the 9 localities studied. Taxonomic similarity was analyzed by means 
of the Jaccard's similarity index, including all, and only common species (occurring in prevalence> 10%). The results suggest that 
sympatric species of marsupials share more species of parasites than parasite communities occurring in conspecific marsupials from 
different localities. As a consequence, taxonomic composition of these parasite communities varied depending on the locality. 
Probably, marsupials of the monophyletic Didelphini offer the same compatibility toward their parasites, by presenting them with 
similar habitats. Subtle differences in lifestyles of the marsupials may determine the chance of encounter between the symbionts and 
prevent some parasites from completing their life cycles. Further and more rigorous tests are necessary to determine the roles of 
encounter and compatibility filters, as well as the role of chance, in the structuring of parasite communities in marsupials. 
A parasite community is the summation of parasite populations 
sharing a spatiotemporal unit (Bush et aI., 1997). The structuring 
of a parasite community results from the interplay between 
evolutionary, physiologic, ecologic, geographic, and stochastic 
factors (Combes, 1991; Janovy et aI., 1992; Choudhury and Dick, 
2000; Poulin, 2007). The establishment of each parasite in its 
host, however, is determined by the chances of the parasite of 
encountering a host and by their compatibility (Combes, 1991), 
which determines the growth and reproduction of the parasite in 
the host. In addition, extrinsic factors, e.g., temperature and 
moisture, may determine the distribution of these parasites by 
favoring the survival of some, or all, the stages of the parasites in 
a geographic location (Pavlovsky, 1966). 
Species composition and richness of parasite communities in a 
population of potential hosts varies across space (Dogiel, 1964; 
Pence, 1990; Jimenez-Ruiz et aI., 2002; Poulin, 2003; Gonzalez 
et aI., 2006; Poulin and Dick, 2007). This variation has been 
studied at 3 levels of community organization-infracommunity, 
component community, and compound community--especially in 
freshwater and marine fish (Poulin and Dick, 2007). For 
mammals, the helminth component communities are variable, 
with taxonomic similarity negatively correlated with geographic 
distance (Pence, 1993; Poulin, 2003; Krasnov et aI., 2005). 
However, Krasnov et aI. (2005) found that the ectoparasite 
species richness was constant for taxonomically related species of 
hosts in sympatry. In a comparison of helminth communities of 7 
species of macro po did marsupials, Beveridge et aI. (1998), found a 
relatively high taxonomic similarity among communities occur-
ring in sympatry, higher than similarity among communities in 
closely related hosts. 
In vicariance biogeography, the reconstruction of area clado-
grams allows the interpretation of historic processes that resulted 
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in the current distribution of species (Nelson and Platnick, 1981). 
Inference of relationships among parasite communities is also 
possible by the optimization of the distribution of parasites into 
the phylogeny of the hosts (Brooks and McLennan, 2002). The 
interpretation of the resulting reconstruction would allow 
inferring the factors that may have shaped the structure of these 
communities. 
The 91 species in the monophyletic Didelphidae originated and 
diversified in South America (Voss and Jansa, 2009). This 
evolutionary event resulted in the diversification of some 
anatomical features that enabled marsupials to specialize in 
aquatic, terrestrial, scansorial, and arboreal lifestyles (Astua, 
2009). This allowed habitat segregation and the use of different 
dietary resources even in species occurring in sympatry (Julien-
Laferriere, 1991; Caceres et aI., 2002; Cunha and Vieira, 2002; 
Gentile et aI., 2004). A very well-supported clade in the phylogeny 
of Didelphidae includes species of Chironectes Illiger, Lutreolina 
Thomas, Didelphis Linnaeus, and Philander Brisson that include 
the largest marsupials in the New World, commonly referred as 
large-sized opossums (Voss and Jansa, 2009). Some species in this 
clade show a wide geographic distribution (Wilson and Reeder, 
2005; Gardner, 2007) and are locally common across their habitat 
(Fleming, 1972). 
The parasite faunas of 3 species of Didelphis and 1 of Philander 
have been reported from 8 localities (Navone and Suriano, 1992; 
Alden, 1995; Cafieda-Guzman, 1997; Ellis et aI., 1999; Silva and 
Costa, 1999; Monet-Mendoza et aI., 2005; Richardson and 
Campo, 2005). Up to the present time, there have been no 
published comparisons of the helminth faunas of marsupials from 
the Americas and only 1 study on 2 sympatric species of small-
sized opossums, illustrating the negative correlation between 
parasite burdens and allelic diversity in the major histocompat-
ibility complex (Meyer-Lucht et aI., 2010). 
In the present study, our 2 main goals include (1) character-
ization of the parasite communities found in the gray four-eyed 
opossum, Philander opossum (Linnaeus, 1758), and the common 
opossum, Didelphis marsupialis Linnaeus, 1758, from French 
Guiana; and (2) comparison of the structure and species richness 
of 13 parasite communities present in 9 different localities across 
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TABLE I. Comparison of species richness in 13 communities of marsupials considering all gastrointestinal species, rare species occurring in prevalence 
> 10%, and specific species occurring in prevalence> 10%. (n) Number of opossum examined. (S) Parasite species richness. 
Species Locality n 
Didelphis albiventris Santiago del Estero, Argentina* 42 
Minas Gerais, Brazilt 22 
Didelphis marsupialis Los Tuxtlas, Mexicot 12 
Camp du Tigre, French Guiana 4 
Didelphis virginiana Los Tuxtlas, Mexicot 10 
Philander opossum 
• Navone and Suriano, 1992. 
t Silva and Costa, 1999. 
t Cafieda-Guzman, 1997. 
§ Cordell, 1974. 
IIA1den, 1995. 
# Monet-Mendoza et aI., 2005. 
'\! Ellis et aI., 1999 . 
Southern Illinois, USA§ 
Southern Illinois, USA II 
Guerrero, Mexico# 
Colima, Mexico# 
Georgia, USA ~ 
Connecticut, USA ** 
Los Tuxtlas, Mexicot 
Camp du Tigre, French Guiana 
•• Richardson and Campo, 2005. 
35 
46 
14 
16 
30 
30 
21 
26 
the Americas. The aim of the latter goal is to contrast the role of 
geographic locality versus marsupial phylogeny on the structure 
of parasite communities. By comparing parasite communities that 
occur in sympatry and in phylogenetically related hosts, we may 
determine whether parasite species richness is a variable or a 
constant attribute of a host taxon, i.e., species name, and whether 
taxonomic similarity is greater among parasite communities 
occurring in phylogenetically related hosts or among parasite 
communities occurring in the same locality. As seen in studies 
comparing parasite communities of closely related hosts (Bever-
idge et aI., 1998; Jimenez-Ruiz et aI., 2002), we anticipate that 
sympatric species of marsupials would share a large number of 
species of parasites because of the similarity of lifestyles, food 
items, and their exposure to the same pool of parasites. 
MATERIALS AND METHODS 
Specimens were collected 1-15 March 2001 in old mature secondary 
forests within the same locality (Camp du Tigre, near Cayenne, French 
Guiana; 04°54'30"N, 52°18'30'W). Preserved specimens of hosts (P. 
opossum) were deposited at the Museum National Histoire Naturelle, 
Paris, France (catalog numbers 2001-1346--1350, 2001-1352 and -1353, and 
2001-1374-1376), and at the University of Montpellier, Montpellier, France 
(collection of F. Catzeflis under field numbers V-1241, V-1246--1248, V-
1254, V-1262, V-1298, V-1314, V-1315, V-1330, V-1331, V-1337, V-1344, V-
1347, V-1348, and V-1359-1362). The gastrointestinal contents were 
preserved in 4% formalin and transported to the laboratory to be examined 
for helminths. Preservation, staining, clearing, and mounting of parasites 
followed Pritchard and Kruse (1982). Vouchers for this study were 
deposited in the HWML and the Collection Parasitologique du Museum 
d'Histoire Naturelle (Paris, France). Definitions of prevalence, abundance, 
mean intensity, and other ecologic descriptors follow Bush et ai. (1997). 
Helminthologic surveys with sample sizes of at least 10 individuals were 
used in the comparisons of parasite communities. These included Didelphis 
albiventris, Didelphis virginiana, D. marsupialis, and P. opossum from 8 
localities across the distribution of these species (Cordell, 1974; Navone 
and Suriano, 1992; Alden, 1995; Caneda-Guzman, 1997; Ellis et aI., 1999; 
Silva and Costa, 1999; Monet-Mendoza et aI., 2005; Richardson and 
Campo, 2005). The parasite community of each marsupial species per 
locality (component community) was considered a community. Based on 
S (Overall) S (>10%) S (Specific) 
5 3 
9 7 5 
11 9 8 
9 9 7 
13 9 7 
18 14 9 
12 11 7 
16 5 3 
5 5 3 
11 11 7 
6 6 3 
12 8 7 
10 9 7 
the difference in species richness and species composition an exception was 
made for 2 surveys separated by 20 yr (D. virginiana from southern Illinois 
in the United States; Table I). 
The presence of parasites in 4 species of large sized marsupials collected 
across 9 different localities was tabulated into a binary table (Table II). 
Qualitative taxonomic similarity of these parasite communities was 
measured by means of the Jaccard's similarity index as implemented in 
SAS (SAS Institute Inc., 2009). To evaluate the effect of phylogeny on the 
taxonomic similarity of the parasite communities, the matrix was analyzed 
in PAUP* b4.10 (Swofford, 2003), enforcing the phylogeny of the hosts. 
The phylogenetic tree «(D. albiventer: 0.0023, D. marsupialis: 0.0026): 
0.0012, D. virginiana: 0.0061): 0.0011, P. opossum: 0.0053) (Voss and Jansa, 
2009), was used as a constraint for the phylogenetic relationships among the 
species. This constraint also served to test for correlations between parasite 
species richness (log-transformed values) and the 4 species of marsupials by 
means of the independent contrast approach (Felsenstein, 1985) as 
implemented in PHYLIP version 3.69 (Fe1senstein, 2009). 
Species richness of parasites was compared among the 13 different 
communities sampled. First, the effect of host phylogeny on values of 
species richness was examined by linear regression under an independent 
contrast frame (Felsenstein, 1985). This allowed testing the hypothesis that 
parasite species richness is an attribute of each of the 4 species of 
marsupials studied. Second, the effect of each of the 9 localities on the 
species richness was assessed using Welch's analysis of variance (Welch, 
1947); this test was chosen because of the unequal variances among the 
samples and different sample sizes of both localities and species studied. 
This approach treats each of the variances separately, by reducing the 
impact of heteroscedasticity on the analysis. 
All analyses and tests were performed on 2 different treatments to the 
data set; the first treatment included all species of parasites in the 
communities. For the second treatment, rare species occurring in low 
prevalence «10%) were removed (Table III). This resulted in the 
exclusion of 0 to 5 species of helminths per component community. 
RESULTS 
In total, 10 species of parasites was recovered from the digestive 
system of the gray four-eyed opossums collected in Camp du 
Tigre. From that total, 5 species were collected from the small 
intestine, 3 from the cecum and large intestine, and 1 from the 
stomach. An additional species (Cherylia guyanensis Bain, Petit, 
Jacquet-Vallet and Houin, 1983) was recovered from the body 
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cavity. All gastrointestinal parasites, except Moennigia sp., were 
found with prevalence >25%. Travassostrongylus paraquintus 
Durette-Desset, 1974 reached maximum values of prevalence and 
mean abundance, whereas A. raillieti exhibited the highest mean 
intensity (Table IV). The parasite fauna of D. marsupialis in the 
same locality also includes 9 species, with A. raillieti showing the 
highest values of both prevalence and mean intensity. The 
tapeworm Mathevotaenia bivittata (Janicki, 1904) was collected 
from the common opossum exclusively, whereas Moennigia sp. 
and Oligacanthorhynchus microcephala (Rudolphi, 1819) were 
only recorded in the gray four-eyed opossum. 
In the comparison of 13 parasite communities present in large-
sized opossums, the minimum value for species richness was 5 and 
the maximum was 18, with the maximum value found in southern 
Illinois (Table I). The minimum values of species richness 
corresponded with D. albiventris in Santiago del Estero, 
Argentina, and D. virginiana in Colima, Mexico. After removing 
rare species from the analysis, species richness at Santiago del 
Estero and southern Illinois dropped to 3 and 14, respectively. 
The last column in Table I shows the parasite species richness for 
only marsupial-specific parasites. 
The results show no correlation between parasite species 
richness and host species (F = 0.44; 3, 2.78 df; P = 0.74). No 
correlation was detected between parasite species richness and 
locality (F = 4.81; 2.0,1.96 df; P = 0.18). Parasite species richness 
among localities shows no difference when only communities 
occurring in D. virginiana were compared (X2 = 5.54, df 5, P = 
0.35). When all species of parasites were considered, no significant 
correlation was found between richness and host sample size 
among all 13 communities (r = 0.11, P = 0.73; n = 13). This 
pattern persisted when statistical tests were framed onto an 
independent contrast approach (H = 0.34, df 3, P = 0.95). 
Because D. virginiana included the largest sample size (7 parasite 
communities collected in 6 localities), we tested for significant 
correlation between sample size per locality and parasite species 
richness. No correlation was found among these communities for 
these 2 variables (r = 0.39, P = 0.38; n = 7), which suggested that 
sample size had no effect on parasite species richness. 
The comparisons of parasite communities across geographic 
localities resulted in low qualitative taxonomic similarity for all 
samples. Only parasite communities from sympatric hosts showed 
similarity >60%, irrespective of the host species. These include 
communities present in Camp du Tigre; Los Tuxtlas, Mexico; and 
southern Illinois (Fig. 1). The cladogram resulted in 2 trees, 62 
steps long, with a rescaled consistency index of 56%. These trees 
group sympatric communities irrespective of the phylogenetic 
affinities of their hosts (data not shown). The analysis of the 
dataset enforcing the phylogenetic relationships among the 
species of hosts resulted in 9 longer trees (89 steps), with a 
rescaled consistency index of 20%. 
When rare species of parasites (present in <10% of the hosts) 
were excluded from the analyses, richness was independent of the 
host taxon (F = 0.82; 2.0, 2.39 df; F = 0.54), and no significant 
differences were found among localities (F = 0.37; 1, 1.2534 df; 
F = 0.37). In addition, no significant correlation was found 
between host sample size and parasite species richness either 
globally(r = 0.13, P = 0.66; n = 13) or among communities present 
exclusively in D. virginiana (r = 0.67, n=7, p = 0.1). The pattern 
persisted for the former group when the analysis was framed into 
an independent contrast analysis (H = 0.92, 3 df, P = 0.82). 
High taxonomic similarity among parasite communities occur-
ring in sympatric hosts persisted even when rare species were 
excluded (data not shown). The only exception was found in Los 
Tuxtlas. In this locality, the similarity among communities 
occurring in P. opossum and the 2 species of Didelphis dropped 
to <60%. Low levels of similarity «60%), characterized 92% of 
the pairs compared, including 17% of pairs that showed values of 
similarity = O. The grouping of the component communities 
based on their similarity values is shown in Figure 2. The 4 
resulting cladograms for this data set were 52 steps long with a 
rescaled consistency index of 56%. Enforcing the monophyly of 
the hosts on the relationships among parasite communities 
resulted in a tree 19 steps longer. 
Finally, the analysis of taxon-specific species of parasites 
occurring with a prevalence of <10% resulted in no significant 
correlation among log transformed values of species richness and 
species of host (F = 2.44; 2.0, 2.24 df; P = 0.27). 
DISCUSSION 
Parasites of opossums in French Guiana 
The parasite communities of both P. opossum and D. 
marsupialis collected in French Guiana seemed to be dominated 
by parasites with direct patterns of transmission. This is indicated 
by the highest values of prevalence and mean intensity of T. 
paraquintus, V. viannai, Travassostrongylus reesali, and A. raillieti. 
From this locality, 5 of the species collected are indirectly 
transmitted. These species occurred in low prevalence, with 
relatively low mean intensities. This may be the result of either 
low prevalence of these parasites in their intermediate hosts or the 
wide spectrum of food items used by these marsupials (Carvalho 
et al., 2005). Both would reduce their chances of ingesting infected 
intermediate hosts. It has been shown that a higher diversity of 
prey items may reduce the chances of the definitive host becoming 
infected by parasites with a high degree of specialization in their 
use of intermediate hosts (Combes, 1991). We lack the empirical 
evidence to test and compare these 2 hypotheses. 
The communities present in both species of marsupials shared a 
great number of parasite species, most of which are specialists to 
marsupials (64% for P. opossum and 78% for D. marsupialis). 
These results are congruent with the generalist lifestyles and, to a 
lesser extent, the overlapping diets of both species of opossums 
(Julien-Laferriere and Atramentowicz, 1990). Both marsupial 
species may be equally exposed to the parasites present in that 
locality and may be similarly compatible with them, because of 
the relatedness of the 2 marsupial species (Combes, 1991). The 
inclusion of other species of this monophyletic tribe in the locality 
(Chironectes minimus and Didelphis imperJecta) and the contrast 
with species from other clades in the phylogeny of marsupials, i.e., 
species of Marmosa, Marmosops, Metachirus, and Monodelphis 
may help in testing this hypothesis. 
The values of parasite species richness were similar between 
both communities. Those values were 10 in the gray four-eyed 
opossum and 9 for communities in the common opossum. 
However, those values dropped to 9 in both cases when rare 
species were removed from the comparisons and to 7 when only 
specialists remained. These differences are caused by 4 species 
(Mathevotaenia bivittata, Moennigia sp., 0. microcephala, and S. 
guianensis). 
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TABLE II. Distribution of 46 species of parasites in 13 parasite communities across the Americas. All species of enteric helminths were included. Number 
of opossums examined (n) and parasite species richness per component community (S) are indicated. Helminths are labeled as having indirect (1) or 
direct (D) patterns of transmission and as being specific (P) or generalist (G) to didelphid marsupials. 
Host Locality n S 
Didelphis albiventris Santiago del Estero, Argentina 42 5 
Minas Gerais, Brazil 22 9 
Didelphis marsupialis Los Tuxtlas, Mexico 12 II 
French Guiana 4 9 
Didelphis virginiana Los Tuxtlas, Mexico 10 13 
Southern Illinois I, USA 35 18 
Southern Illinois 2, USA 46 12 
Guerrero, Mexico 14 16 
Colima, Mexico 16 5 
Georgia, USA 30 II 
Connecticut, USA 30 6 
Philander opossum Los Tuxtlas, Mexico 21 13 
French Guiana 26 10 
Pattern of transmission 
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o 
o 
o 
o 
o 
o 
o 
o 
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o 
I 
o 
I 
P 
2 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
I 
G 
3 
o 
o 
o 
o 
o 
I 
o 
I 
I 
o 
o 
I 
G 
4 
o 
o 
o 
o 
o 
I 
o 
o 
I 
I 
o 
o 
I 
P 
5 
o 
o 
o 
o 
o 
I 
I 
o 
o 
o 
o 
o 
I 
G 
Parasite species 
6 
o 
o 
o 
o 
o 
I 
o 
o 
o 
o 
o 
o 
o 
I 
G 
7 
o 
o 
o 
o 
o 
I 
o 
o 
o 
o 
o 
o 
o 
I 
G 
8 
o 
o 
o 
o 
o 
o 
o 
o 
o 
I 
o 
I 
G 
9 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
I 
G 
10 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
I 
o 
I 
P 
11 
o 
I 
o 
I 
o 
o 
o 
o 
o 
o 
I 
o 
P 
12 
o 
o 
o 
I 
o 
I 
o 
I 
o 
P 
13 
o 
o 
o 
o 
o 
I 
o 
o 
o 
o 
o 
o 
o 
I 
P 
List of parasite species: 1, Amphimerus cauditestis; 2, Brachylaima migrans; 3, Brachylaima virginianum; 4, Diplostomum variabile; 5, Echinoparyphium contiguum; 6, Fibricola 
crater; 7, Fibricola lucidus; 8, Paragonimus mexicanus; 9, Paragonimus westermani; 10, Philandrophilus magnicirrus; 11, Rhopalias coronatus; 12, Rhopalias macracanthus; 
13, Linstowia sp.; 14, Mathovataenia argentinensis; 15, Mathevotaenia bivittata; 16, Mesocestoides sp.; 17, Thaumasioscolez didelphis; 18, Capillaria aerophila; 19, Capillaria 
eberthi; 20, Capillaria longicauda; 21, Cruzia americana; 22, Cruzia tentaculata; 23, Didelphonema sp.; 24, Gnathostoma turgidum; 25, Gongylonema sp.; 26, Gongylonema 
mexicanum; 27, Longistriata didelphis; 28, Aspidodera raillieti; 29, Moennigia sp.; 30, Physaloptera turgida; 31, Pterygodermatites kozeki; 32, Spirura guianensis; 
33, Travassostrongylus orlofft; 34, Travassostrongylus paraquintus; 35, Trichuris didelphis; 36, Trichuris minuta; 37, Trichuris reesali; 38, Viannaia didelphis; 39, Viannaia 
hamata; 40, Viannaia sp.; 41, Viannaia viannaia; 42, Oligacanthorhynchus tortuosa; 43, Oligacanthorhynchus microcephala; 44, Oncicola campalunata; 45, Oncicola luhei; and 
46, Porrorhynchus nickoli. 
Species richness across hosts and localities 
Parasite species richness was not statistically different across 
the geographic distribution of a single species of marsupial, as 
seen in the parasites of D. virginiana across 7 localities. The 
overall parasite species richness for these communities fluctuated 
between 5 and 18. Even when only host-specific species of 
parasites were considered, the values of species richness fluctuated 
between 1 and 9 (Table I). In contrast, the pairs of parasite 
communities present in D. marsupialis and P. opossum had very 
similar values of species richness, especially when only specific 
TABLE III. Distribution of 38 species of enteric parasites occurring in prevalence> 10% in 13 parasite communities across the Americas. Number of 
opossums examined (n) and parasite species richness per component community (S) are indicated. Helminths are labeled as having indirect (I) or direct 
(D) patterns of transmission and as being specific (P) or generalist (G) to didelphid marsupials. 
Host 
Didelphis albiventris 
Didelphis marsupialis 
Didelphis virginiana 
Philander opossum 
Locality 
Santiago del Estero, Argentina 
Minas Gerais, Brazil 
Los Tuxtlas, Mexico 
French Guiana 
Los Tuxtlas, Mexico 
Southern Illinois I, USA 
Southern Illinois 2, USA 
Guerrero, Mexico 
Colima, Mexico 
Georgia, USA 
Connecticut, USA 
Los Tuxtlas, Mexico 
French Guiana 
Pattern of transmission 
Specificity 
n 
42 
22 
12 
4 
10 
35 
46 
14 
16 
30 
30 
21 
26 
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List of parasite species: 1, Brachylaima virginianum; 2, Diplostomum variabile; 3, Fibricola crater; 4, Fibricola lucidus; 5, Paragonimus mexicanus; 6, Paragonimus westermani; 
7, Rhopalias coronatus; 8, Rhopalias macracanthus; 9, Mathovataenia argentinensis; 10, Mathevotaenia bivittata; 11, Mesocestoides sp.; 12, Thaumasioscolez didelphis; 
13, Capillaria aerophila; 14, Capillaria eberthi; 15, Capillaria longicauda; 16, Cruzia americana; 17, Cruzia tentaculata; 18, Didelphonema sp.; 19, Gnathostoma turgidum; 
20, Gongylonema mexicanum; 21, Longistriata didelphis; 22, Aspidodera raillieti; 23, Physaloptera turgida; 24, Spirura guianensis; 25, Travassostrongylus orlofft; 
26, Travassostrongylus paraquintus; 27, Trichuris didelphis; 28, Trichuris minuta; 29, Trichuris reesali; 30, Viannaia didelphis; 31, Viannaia hamata; 32, Viannaia sp.; 
33, Viannaia viannaia; 34, Oligacanthorhynchus tortuosa; 35, Oligacanthorhynchus microcephala; 36, Oncicola campalunata; 37, Oncicola luhei; and 38, Porrorhynchus nickoli. 
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Parasite species 
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species of parasites were considered. Similar results were obtained 
when rare species were excluded from the comparisons. 
Oligacanthorhynchus tortuosa). All of these species use an 
intermediate host to complete the transmission to their final host. 
Also, with the exception of P. mexicanus, all parasite species 
showed low prevalence in the gray four-eyed opossum and 
relative high values of prevalence in both species of Didelphis. The 
wider spectrum of food resources used by both species of 
Didelphis relative to P. opossum, which forages on aquatic 
arthropods, may help explaining this difference (Cafieda-Guz-
man, 1997). Both the common and the Virginia opossum would 
In Los Tuxtlas, the 3 sympatric species of opossums, which 
constitute 3 parasite communities, show similar values of parasite 
species richness (Table I). In this locality, a set of parasites with 
indirect patterns of transmission appeared in different frequencies 
in the sympatric marsupials. This set may be divided into specific 
(Thaumasioscolex didelphidis and Porrorchis nickoli) and non-
specific species (Paragonimus mexicanus, Turgida turgida, and 
TABLE III. Extended. 
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TABLE IV. Characterization of infection of gray four-eyed opossum, Philander opossum (n = 26) and common opossum, Didelphis marsupialis (n = 4) in 
Camp du Tigre, District of Cayenne, French Guiana. ± SD follows mean intensity and mean abundance. 
Philander opossum Didelphis marsupialis 
Site of Prevalence Mean Mean Prevalence Mean Mean 
Parasite taxa infection % intensity abundance % intensity abundance 
Cestoda 
Mathevotaenia bivittata Small intestine 25 4 ± N/A* 1 ± 2 
Nematoda 
Aspidodera raillieti Cecum and large intestine 42 70.6 ± 65 29.9 ± 54.3 100 566.3 ± 388.7 566.3 ± 388.7 
Capillaria eberthi Small intestine 42 7.1 ± 7.4 3 ± 5.9 50 4.5 ±3.5 2.3 ± 3.3 
Cruzia tentaculata Cecum and large intestine 42 12.6 ± 23.6 5.3 ± 16.2 25 4 ± N/A 1 ± 2 
Moennigia sp. Small intestine 4 27 ± N/A 1 ± 5.3 
Spirura guianensis Stomach 42 3.7 ± 4 1.6 ± 54.4 50 2.5 ± 2.1 1.3 ± 1.9 
Travassostrongylus 
paraquintus Small intestine 100 59.6 ± 69 59.6 ± 69 100 41.5 ± 16.6 41.5 ± 16.6 
Trichuris reesali Cecum and large intestine 81 13.3 ± 20.4 10.7 ± 19 100 24.5 ± 19.2 24.5 ± 19.2 
Viannaia viannai Small intestine 69 31.4 ± 32.6 21.7 ± 30.7 100 47 ± 22.3 47 ± 22.3 
Acanthocephala 
Oligacanthorhynchus 
microcephala Small intestine 35 2.5 ± 1.9 0.9 ± 1.6 
Oncicola campanulata Small intestine 38 2 ± 1.9 0.8 ± 1.5 50 6 ± 4.2 3 ± 4.2 
• N/A, not applicable. 
be exposed to intermediate hosts carrying the infective stages of 
those species, via frequent ingestion of terrestrial invertebrates. 
albiventris in Santiago del Estero, Argentina, were generalists 
(Navone and Suriano, 1992). Overall, the parasite communities 
present in D. virginiana in southern Illinois seem to be richer 
than all the others; yet, 50% of those species are generalists and 
usually infect other species of mammals (Anderson, 2000). A 
similar trend was observed in the community present in the 
Virginia opossum from Connecticut. The phenomenon of loss of 
diversity, i.e., species richness, toward the extremes of the host 
distribution of the host species has been observed in other groups of 
Species composition 
Most of the parasite species present in these communities were 
specialists; however, some of the communities sampled close to 
the edge of the host distribution showed a high proportion of 
generalist species. Eighty per cent of the parasite species in D. 
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FIGURE 1. Similarity based on Jaccard's similarity index among parasite communities of 4 species of didelphid marsupials across 9 different localities. 
All the species of parasites present in the digestive tract have been included in the analysis. 
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FIGURE 2. Similarity based on Jaccard's similarity index among parasite communities of 4 species of didelphid marsupials across 9 different localities. 
Only species of endoparasites present with a prevalence> 10% were included in the analysis. 
vertebrates (Dogiel, 1964; Poulin and Dick, 2007). Although this 
phenomenon seems to occur here, additional analyses are necessary 
to test it. 
One could expect that the parasites of primarily tropical 
marsupials are not adapted to the seasonal changes occurring 
in Boreal and Austral temperate localities of the New World. 
This could be particularly important for the geohelminths, 
species with direct patterns of transmission in which survival of 
at least 1 stage of their life cycles (usually the eggs) depends on 
the external environment. An example includes A. raillieti and 
Viannaia sp., 2 common parasites of the opossums across the 
Neotropics, but they also are present in southern Illinois. These 
species were collected in low prevalence in this locality, even 
though they may be quite prevalent in other geographic 
localities through the range of their host(s). As is the case for 
other heterakoids, the embryonated eggs of A. raillieti are 
voided with the feces and remain in the soil until ingested by 
the host. However, to remain infective, they require relatively 
constant temperature and humidity (Anderson, 2000). A direct 
consequence of this requirement would be the disappearance of 
the parasites from localities where seasonality would induce 
drastic changes in both temperature and humidity. This would 
explain the changes in species composition due to the loss 
of A. raillieti, Viannaia sp., and Linstowia sp. in southern 
Illinois in 2 surveys separated by 2 decades (Cordell, 1974; 
Alden, 1995). 
Taxonomic similarity 
Parasite communities occurring in the same locality showed 
higher levels of taxonomic similarity than communities of 
conspecific species of marsupials. This was the case for 
communities present in French Guiana, Los Tuxtias, and the 2 
communities of the Virginia opossum from southern Illinois. This 
pattern is concordant with the 1 found in helminth communities 
of macropodids (Beveridge et aI., 1998), in that taxonomic 
similarity is higher among communities in hosts occurring in 
sympatry. 
Only parasite communities from the United States formed a 
cluster with biogeographic meaning in that they belong to the 
Nearctic region (Fig. 1). The values of similarity among these 
communities seemed to be higher than the values of similarity 
for communities present in the Neotropical region, even when 
communities in the latter region were geographically closer. 
The communities present in marsupials from Mexico illustrate 
this point, suggesting that linear/geographic distance does not 
seem to playa preponderant role in the similarity among these 
communities. The 3 localities in the United States are 
separated by 940 to 1,400 km and they share at least 50% of 
species of parasites. In contrast, communities analyzed in 
Mexico share <25% of parasite species even though they are 
separated by 498 to 922 km. Geographic barriers and drastic 
changes in the biomes may provide a better explanation for 
these differences. 
Similarity among communities always decreased when rare 
species were removed from the analysis. In Los Tuxtias, the 
similarity between communities in P. opossum compared with D. 
marsupialis and D. virginiana dropped to approximately 50% (55 
and 42%, respectively). The different diet composition of the 2 
species of Didelphis relative to the gray four-eyed opossum may 
account for this difference (McManus, 1974; Castro-Arellano 
et aI., 2000; Astua, 2009). 
Applying constraints by enforcing phylogenetic relationships 
of the marsupials on the distribution of species of parasites 
resulted in trees 27 and 19 steps longer than in the non-
constrained trees. These results suggest that many parasites are 
not species specific (to host) and that they are compatible with 
any of the species of sympatric marsupials studied. The 
detection of some species that are not known to occur in other 
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mammals suggests that this compatibility may be exclusive to 
this group of marsupials, possibly in a form of specificity of the 
parasites towards members of a clade (Choudhury and Dick, 
2001). This hypothesis could be tested by including sympatric 
species of mouse opossums in the analysis, because they belong 
to different clades in the phylogeny of the marsupials (Voss and 
Jansa, 2009). 
General conclusions 
Our results suggest the following: (I) species richness is a 
variable attribute for any given species of host, (2) species 
composition is variable across localities, and (3) sympatric species 
of marsupials share more species of parasites than sister species do 
across the localities compared. As a consequence, the comparison 
among localities did not allow us to detect any statistically 
significant differences among species richness, species of hosts, 
and locality. This suggests that the parasites present in I locality 
are capable of infecting sympatric species of marsupials with 
similar ecology. 
The study of parasite communities occurring in sympatric 
and closely related species of marsupials over geographic space 
is an excellent system with which to test interactions among the 
filters that allow species, populations, and perhaps individuals 
of mammals or other vertebrates to become infected with 
various parasites. The study of the parasites comprising the 
communities in both species of hosts and in geographic areas 
would help in detecting trends in modes of infection and in 
compatibility among symbionts. In our study, it seems that 
marsupials of the monophyletic Didelphini offer the same 
resources to their parasites by sharing similar morphologic, 
behavioral, and physiologic traits. Mostly, the marsupials 
would acquire parasites of the same set of species present in a 
given area, resulting in high taxonomic similarity among 
sympatric communities. The subtle differences in lifestyles of 
the marsupials may determine the chance of encounter between 
the symbionts and prevent some parasites from completing 
their life cycles. Further and more rigorous tests to determine 
the role of encounter and compatibility filters, as well as the 
role of chance in the structuring of parasite communities in 
marsupials, are necessary. 
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COMPLEX INTERACTIONS AMONG A NEMATODE PARASITE (DAUBAYLIA POTOMACA), 
A COMMENSALISTIC ANNELID (CHAETOGASTER LlMNAEI LIMNAE/), AND TREMATODE 
PARASITES IN A SNAIL HOST (HELISOMA ANCEPS) 
Michael R. Zimmermann, Kyle E. Luth, and Gerald W. Esch 
Department of Biology, Wake Forest University, Winston-Salem, North Carolina 27106. e-mail: zimmmr8@wfu.edu 
ABSTRACT: Many biotic interactions can affect the prevalence and intensity of parasite infections in aquatic snails. Historically, these 
studies have centered on interactions between trematode parasites or between trematodes and other organisms. The present 
investigation focuses on the nematode parasite Daubaylia potomaca and its interactions with a commensal, Chaetogaster limnaei 
limnaei, and a variety of trematode species. It was found that the presence of C. I. limnaei indirectly increased the mean intensity of D. 
potomaca infections, apparently by acting as a restraint for various trematode parasites, particularly the rediae of Echinostoma sp. In 
turn, Echinostoma sp. rediae adversely affected the mean intensity of D. potomaca by their consumption of both juvenile and adult 
nematodes present in tissues of the snail. These organisms not only belong to 3 different phyla but occupy distinct trophic levels as well. 
The complex interactions among these 3 organisms in the snail host provide an excellent example of biotic interactions influencing the 
infection dynamics of parasites in aquatic snails. 
Daubaylia potomaca is a unique freshwater nematode that has a 
monoxenous life cycle involving aquatic pulmonate snails as the 
definitive host (Chernin, 1962; Zimmermann, Luth, and Esch, 
2011). The parasite's presence has been shown to adversely affect 
the snail and ultimately result in the mortality of heavily infected 
individuals (Chernin, 1962; Zimmermann, Luth, Camp, and Esch, 
2011). However, no work regarding the interactions and infection 
dynamics of the nematode parasite in the presence of other biotic 
factors, particularly other parasites infecting the same host, has 
been performed. Freshwater snails are often faced with a variety 
of negative interactions, especially with trematode parasites, that 
can ultimately affect host fitness by changing patterns in growth, 
reproduction, and survival (Minchella, 1985). 
Interactions among a commensal, Chaetogaster limnaei limnaei, 
and a variety of trematode parasites have also been well studied; 
thus, C. t. limnaei is capable of not only reducing recruitment of 
trematode parasites but also of totally preventing parasite 
infections (Khalil, 1961; Michelson, 1964; Sankurathri and 
Holmes, 1976; Fernandez et aI., 1991; Rodgers et aI., 2005). 
Interactions involving C. t. limnaei presence and its possible 
influence on the infection and population dynamics of D. 
potomaca have yet to be documented. In addition, the potential 
role that trematode parasites play in the infection dynamics of D. 
potomaca has not been examined. 
The interactions between D. potomaca, C. l. limnaei, Echinos-
toma sp., and other trematode parasites in their host snail, 
Helisoma anceps, offer a unique opportunity to view the 
population dynamics and possible competition among several 
parasites within what appears to be a rather complex parasite 
infracommunity. Chaetogaster I. limnaei lives in the mantle cavity 
of the snail but induces no known negative effects on its host. 
In contrast, Echinostoma sp. occupies the gonad of its first 
intermediate host and its presence is known to produce castration 
and damage to the renal region of its snail second intermediate 
host, which can be detrimental in high intensities (Esteban and 
Munoz-Antoli, 2009). Most trematodes are typically found in the 
digestive glands and gonads of their first intermediate host and 
can have potentially harmful effects through host castration and 
even cause mortality in some cases (Kuris and Warren, 1980; 
Received 17 December 2010; revised 12 March 2011, 4 April 2011; 
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Sorenson and Minchella, 1998). Daubaylia potomaca has been 
found to inhabit virtually all tissue and blood spaces within the 
snail host and the parasite ultimately leads to mortality of the 
snail (Chernin, 1962; Zimmermann, Luth, Camp, and Esch, 
2011), presumably through direct consumption and destruction of 
tissue during nematode migration (Zimmermann, Luth, and Esch, 
2011). Although these 3 organisms clearly occupy different niches 
and tissue sites within the host they may, nonetheless, have a 
significant impact on the population dynamics of each other. 
Helisoma anceps serves as a natural host for C. t. limnaei, a 
variety of trematode parasites, and D. potomaca when they are all 
present in the same aquatic habitat. The present study aims to 
explicate the interactions among the aforementioned organisms in 
a natural system in terms of population dynamics and co-
jnfection associations. 
MATERIALS AND METHODS 
Mallard Lake (36°00'03"N, 800 24'07''W) is a 4.9-ha body of water 
located in the Piedmont region of North Carolina. The dominant snail 
species in the lake is H. anceps, but populations of Menetus dilatus, Physa 
acuta, and Pseudosuccinea columella also co-occur. Helisoma anceps were 
collected from September to November 2008, March to October 2009, and 
a single collection in March 2010 by dip-netting within I m of the shoreline 
and sifting through the clay and leaflitter. Approximately 4,000 H. anceps 
were examined during these time periods. 
Once collected, the snails were brought to the lab and isolated in 55-mm 
finger bowls for 48 hr in aged tap water to check for the emergence of 
trematodes and nematodes. A majority of snails were usually necropsied 
within 2 days but occasionally up to I wk after isolation. The following 
information was collected for each snail: shell length (to the nearest 
0.05 mm); trematode infection status; number of D. potomaca; number of 
Echinostoma sp. metacercariae; and number of C. I. limnaei. 
Statistical analysis 
The population structure was described in terms of prevalence and 
mean intensity according to the terminology of Bush et al. (1997). 
Student's I-tests were used to compare the mean intensities of the various 
organisms in both co-infections and single infections. Echinosloma sp. and 
their rediae were treated separately for statistical analyses, while all other 
trematode species were combined for analysis due to their low numbers. 
Co-occurrence analysis was used to determine if parasite species co-
occurred less frequently than expected by chance. The C-score index of 
Stone and Roberts (1990) was used, which compares the average number 
of checkerboard units among species combinations in a presence-absence 
matrix. A checkerboard unit refers to a situation in which I species is 
present and the other is absent (Stone and Roberts, 1990); the idea of 
"checkerboardedness" refers to species acting with high mutual exclusion 
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(Diamond, 1975), which is what the C-score index determines. The SIM2 
null model algorithm, which kept species occurrence totals fixed, was used 
with the assumption that all snails were equally probable of recruiting 
parasites. This algorithm is also resistant to Type I error (Gotelli, 2000). 
C-scores were standardized by dividing all randomized samples by the 
variable Crand' which assumes a completely random distribution and that 
the average of all simulated trials is equal to 1.0. Crand was calculated by 
the following equation: Crand = (NaNb[N-Na][N-Nb]1N2), where N = 
sample size, Na = number of infections of organism a, and Nb = number 
of infections of organism b. By calculating Crand' the comparison of co-
infections was simplified. Significant P-values «0.05) of the observed C-
score (Cobs) exceeding 1.0 indicate that co-infections occur less frequently 
than expected by chance, while Cobs less than 1.0 indicate that co-
infections occur more frequently than expected by chance. 
RESULTS 
Co-infections 
Daubaylia potomaca and chaetogaster limnaei limnaei infections: 
There were 1,003 (25.l%) snails infected with C. l. limnaei while 
1,563 (39.1 %) were infected with D. potomaca. In total, 367 (9.2%) 
of the snails collected had simultaneous infections of C. l. limnaei 
and D. potomaca. Co-infections by the 2 species occurred signi-
ficantly less than expected (P = 0.0297, Cobs = 1.063; Table I). 
The mean intensity of D. potomaca in the absence of C. l. 
limnaei (20.9 ± 0.6) was significantly less than when the 
organisms co-occurred (37.7 ± 2.0; Student's t-test, P < 0.001; 
Fig. 1). In contrast, the mean intensity of C. l. limnaei was not 
significantly affected by the presence of D. potomaca in the same 
snail host (Student's t-test, P = 0.061; Fig. 2). 
Daubaylia potomaca and Echinostoma sp. infections: In all, 
1,343 (33.6%) snails harbored infections of Echinostoma sp. with 
1,018 (25.5%) infected with metacercariae and 325 (8.1 %) having 
rediae present. In 426 (10.7%), Echinostoma sp. metacercariae 
were found to occur simultaneously with D. potomaca, while there 
were 68 (1.7%) co-infections with rediae. Co-infections of 
Echinostoma sp. rediae with D. potomaca were found to occur 
significantly less often than expected (P < 0.0001, Cobs = 1.351; 
Table I). However, co-infections of D. potomaca and Echinostoma 
sp. metacercariae did not occur significantly less often than 
expected by chance (P = 0.0654, Cobs = 1.049; Table I) 
There was no difference in the mean intensity of D. potomaca 
infections in the presence of Echinostoma sp. metacercariae 
(Student's t-test, P = 0.410; Fig. 1). However, co-infections 
of D. potomaca and rediae showed the mean intensity of D. 
potomaca to be significantly lower in co-infections (7.4 ± 1.1) 
than when rediae were not present (25.6 ± 0.7; Student's t-test, 
P = 0.010; Fig. 1). 
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infections of various microorganisms (*Represents statistically significant 
differences [P < 0.05]). 
Daubaylia potomaca and other trematode infections: There were 
447 (11.2%) snails infected with trematodes other than Echinos-
toma sp. Co-infections of D. potomaca and other trematode 
species occurred significantly less than expected (P < 0.0001, C-
score = 1.415; Table I). However, there was no effect on the mean 
intensity of D. potomaca infection in the presence or absence of 
trematode infections other than Echinostoma sp. (24.8 ± 2.4 and 
24.9 ± 1.1, respectively; Student's t-test, P = 0.492; Fig. 1). 
Chaetogaster limnaei limnaei and Echinostoma sp. infections: 
Co-infections of C. t. limnaei and Echinostoma sp. occurred on 
331 (8.3%) occasions with 281 (7.0%) harboring infections of 
metacercariae and rediae present in 50 (1.3%). Echinostoma sp. 
metacercariae did not co-occur with C. t. limnaei in patterns 
deviating from the expected trend (P = 0.0654, C-score = 1.049). 
However, rediae co-occurred with C. l. limnaei significantly less 
than expected (P < 0.0001, C-score = 1.351; Table I). The mean 
intensity of C. l. limnaei in the presence of Echinostoma sp. (all 
stages; 2.7 ± 0.2) was significantly greater than in the absence of 
the trematode parasite (2.3 ± 0.1; Student's t-test, P = 0.0l3; 
Fig. 2). The same trend was apparent in the presence of 
Echinostoma sp. metacercariae (P = 0.004; Fig. 2), but the 
opposite pattern was observed in the presence of rediae, although 
it was not statistically significant (P > 0.246; Fig. 2). 
Chaetogaster limnaei limnaei and other trematode infections: 
Co-infections of C. l. limnaei and trematode parasites other than 
Echinostoma sp. occurred on 104 (2.6%) occasions. These co-
infections occurred significantly less than expected (P < 0.0001, 
C-score = 1.163; Table I). The mean intensity of C. t. limnaei 
in the presence of trematode species other than Echinostoma sp. 
TABLE I. Species co-occurrence summary for Daubaylia potomaca and Chaetogaster limnaei limnaei from infected snails in Mallard Lake (C-obs = 
observed C-score value, C-rand = average C-score from 10,000 randomized values divided by the Crand constant). 
Daubaylia potomaca Chaetogaster limnaei limnaei 
Organism C-obs C-rand P-value C-obs C-rand P-value 
Chaetogaster limnaei limnaei 1.063 1.000 0.030 * * * 
Echinostoma sp. 1.068 1.000 0.015 1.014 1.000 0.327 
Metacercariae 1.049 1.000 0.065 1.010 1.000 0.379 
Rediae 1.351 1.000 <0.0001 1.168 1.000 <0.0001 
Other trematodes 1.415 1.000 <0.0001 1.163 1.000 <0.0001 
Daubaylia potomaca * * * 1.063 1.000 0.030 
• Cannot be compared to itself. 
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significant differences [P < 0.05]). 
(3.3 ± 0.4) was significantly higher than in the absence of the 
trematode parasites (2.4 ± 0.1; Student's t-test, P = 0.006; Fig. 2). 
DISCUSSION 
It is proposed that the increased mean intensity of D. potomaca 
in the presence of C. I. limnaei is an indirect result of the 
interaction between C. I. limnaei and trematode parasites, more 
specifically Echinostoma sp. Several studies on the interactions 
between C. I. limnaei and various trematode parasites have shown 
that the commensal limits both the prevalence and intensity of 
infection by trematode parasites via consumption of miracidia 
and cercariae (Khalil, 1961; Michelson, 1964; Sankurathri and 
Holmes, 1976; Fernandez et aI., 1991; Rodgers et aI., 2005). 
Chaetogaster I. limnaei and Echinostoma sp. (all stages) co-
infections were not found significantly less than expected (P = 
0.3266), suggesting the absence of limiting effects by the 
commensal on the trematode parasite when all stages were 
considered. However, the rediae were significantly affected by C. 
I. limnaei presence (Table I), most likely because the latter 
consume miracidia before they could penetrate the snail. 
Therefore, if the miracidia of Echinostoma sp. are unable to 
infect the snail host then, obviously, development of rediae would 
not occur. Although all stages of the parasite could be affected, 
the greatest impact would be on stages in the first intermediate 
host, i.e., sporocysts, rediae, and cercariae. Echinostoma sp. 
cercariae from other snail hosts could still penetrate and infect the 
snails, producing a high prevalence and intensity of snails infected 
with metacercariae. Thus, the presence of C. I. limnaei appears to 
limit the transmission success of Echinostoma sp. in the first 
intermediate host by preventing infection via consumption of 
miracidia. Chaetogaster I. limnaei presence had the same effect on 
other trematode species in the system. It co-occurred with other 
trematode species significantly less than expected (P < 0.0001), 
implying that the same limiting effects occur among the other 
trematode species as well. 
Rediae of Echinostoma sp. are known predators of other 
trematode parasites and microorganisms present in the snail host 
(Lie et aI., 1966; Donges, 1972; Esch and Fernandez, 1994). The 
presence of Echinostoma sp. rediae in H. anceps clearly reduced 
the mean intensity of D. potomaca within snail hosts (Fig. 2). 
Rediae present in the snail consume both juvenile and adult D. 
potomaca, thereby affecting the mean intensity of the nematode 
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FIGURE 3. Multi-species interactions of Chaetogaster limnaei limnaei, 
Echinostoma sp., and Daubaylia potomaca. Dashed lines represent an 
indirect effect. 
parasite in H. anceps. Because the presence of C. I. limnaei 
prevents infection by Echinostoma sp., especially by miracidia that 
would ultimately develop into rediae, it indirectly reduces the 
limiting effect of trematode parasitism on D. potomaca infections. 
The Daubaylia potomaca nematode is not only better able to 
establish infection in the absence of Echinostoma sp., but it also 
leads to increased numbers via the reduction of both competition 
and predation by Echinostoma sp. rediae (Fig. 3). 
The mean intensity of D. potomaca significantly increased in the 
presence of C. I. limnaei (P < 0.001), although the 2 organisms 
did not tend to infect the same snail simultaneously, i.e., the 
commensal C. I. limnaei was unable to prey on D. potomaca (data 
not shown), most likely due to the differing sites of infection in the 
snail host. Chaetogaster I. limnaei inhabits the mantle cavity of the 
snail and does not have access to the nematodes, which 
presumably enter the snail via the foot and then occupy tissues 
and blood spaces of the host (Chernin, 1962; Zimmermann, Luth, 
and Esch, 2011). The 2 species inhabit different parts of the host 
and do not directly interact with each other. The notion that there 
is no interaction between C. I. limnaei and D. potomaca is further 
reinforced by the lack of increase in the mean intensity of C. I. 
limnaei in the presence of D. potomaca, which is the opposite of 
what is typically seen in the presence of a food source (Fernandez 
et aI., 1991). 
In summary, the present study was focused on the complex 
interactions among species representing 3 different phyla. These 
organisms were found to induce both direct and indirect effects on 
each other, either by preventing establishment or by influencing 
the numbers in which they occur. 
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PEROMYSCUS MANICULATUS, A POSSIBLE RESERVOIR HOST OF BORRELIA GARINII 
FROM THE GANNET ISLANDS OFF NEWFOUNDLAND AND LABRADOR 
Eric M. Baggs, Stephanie H. Stack, Jean R. Finney-Crawley, and Neal P. P. Simon 
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ABSTRACT: Thirty-five deer mice, Peromyscus maniculatus, were trapped on Gannet Cluster 2 (GC-2), one of a group of islands 
numbered by convention in the Gannet Island Archipelago, and examined for ectoparasites. One species each of Acari (Ixodes uriae) 
and Siphonaptera (Orchopeas leucopus) were recovered. Samples of mice favored males to females (3.4:1). Twenty-nine percent (10) of 
the mice were free of ectoparasites. Males were more heavily parasitized than females when both parasites were considered. No ticks 
were recovered from the female mice, while the males that were parasitized carried adult Ixodes uriae. These 2 ectoparasites parasitizing 
P. maniculatus, which is a known reservoir host for Lyme disease (Borrelia burgdorferi), may carry B. garinii and their presence would 
have serious implications for the spread of this human pathogen northward in continental North America. 
The Gannet Islands, located 40 km east of Cartwright, 
Labrador (53°56'N, 56°32'W) are a cluster of 6 islands, 
designated GC-l through GC-6, that are important areas for 
seabird reproduction. The archipelago has remained essentially 
a pristine area, with the exception of research staff and 
occasional visits from local residents of the Labrador coast. 
Mammalian wildlife has been restricted to occasional visits 
over, or via, the ice floes by Arctic fox (Alopex lagopus), polar 
bear (Thalarctos maritimus), and a variety of seals. The only 
resident mammal reported for the islands is Peromyscus 
maniculatus (Birkhead and Nettleship, 1995; Olsen et aI., 
1995; Muzaffar, 2000). 
Sea birds such as the razorbill auk (Alca torda), common and 
thick-billed murre (Uria aalge and Uria lomvia), Atlantic puffin 
(Fratercula arctica) , and Leach's storm-petrel (Oceanodroma 
leucorhoa) utilize a wide variety of habitats ranging from rocky 
cliffs to fairly deep burrows. Ticks (Ixodes uriae) have been 
recovered from all habitats on the Gannet Islands (Stack, 2009) 
and are described as one of the major parasites of these sea 
birds (Muzaffar, 2000; Muzaffar and Jones, 2004; Hussey, 2007), 
parasitizing adults and chicks in northern habitats, i.e., Gull 
Island and the Gannet Islands in the northwestern Atlantic waters 
off the Newfoundland and Labrador coasts of Canada. 
Recently, Smith et aL (2006) reported the spread of Borrelia 
garinii, a genospecies of Borrelia burgdorferi, to the tick I uriae on 
Gull Island off the east coast of the Avalon Peninsula of the 
island of Newfoundland. These authors suggested that the recent 
emergence of Ixodes scapularis in coastal Maine and other coastal 
sites (Scott et aI., 2001; Smith et aI., 2006) may be responsible 
for this spread via the overlaps of different genotypes of B. 
burgdorferi, regardless of the difference in ecological settings. 
Olsen et aL (1995), however, suggested that the northward 
movement of B. burgdorferi has been through migrating seabirds 
that have been infected by the tick I uriae. Smith et aL (2006) 
reported that the importance of this finding would hinge on the 
probability of the introduction of B. garinii into emergent I 
scapularis-vectored B. burgdorferi, sensu stricto cycles. Recently, 
B. garinii has been reported from the ticks collected at the Gannet 
Islands during 2007 (Muzaffar et aI., 2009). This extends the 
northern limit of the pathogen in eastern North America and 
may well be a result of global warming and other extenuating 
circumstances. 
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In August of 2006, while conducting a study of tick parasitism 
of razorbill chicks (Hussey, 2007), it was noted that populations 
of deer mice, P. maniculatus, were present on several of the islands 
(E. Baggs, unpubL obs.). These mice invaded the cabin space at 
the research station on GC-2, fouling living quarters and food 
supplies. Some researchers were also subjected to bites from 
the ubiquitous tick I uriae as well as from the flea Orchopeas 
leucopus. An attempt to control these mice afforded an op-
portunity to examine a small localized population of these 
animals and their associated ectoparasites. The presence of an 
expanding population of P. maniculatus on the Gannet Islands, 
concomitant with the fact that these mice are capable of being 
immunocompetent carriers of Lyme disease spirochetes, offered 
an opportunity to examine them for potential ectoparasitic 
vectors that may be associated with these mice. 
MATERIALS AND METHODS 
To facilitate the trapping of the mice, water traps with peanut butter as 
bait were used. The traps were assembled using Rubbermaid storage boxes, 
Model S-115611 (30 X 22 X 22 cm). The boxes were filled to the 1O-cm level 
with water and the bait was smeared along the inside of the box 10 cm below 
the upper edge to encourage reaching and balance loss by the rodents. 
Access to the top of the trap was accomplished by leaning a short length of 
lath from ground level to the rim of the box. 
Trapping was constrained to the immediate area of the research cabin 
from 19-25 July 2006. As the drowned mice were collected, each carcass 
was injected with 1 ml of 10% formalin and placed in a similar solution. 
The water from the trap was filtered to recover any ectoparasites and 
those recovered were added to the sample for later examination. Upon 
return to the island of Newfoundland, the preserved specimens were 
examined for ectoparasites and morphological data were collected. Ticks 
and fleas recovered from the specimens were processed and cleared using 
standard parasitological procedures (Meyer and Olsen, 1971). Identifi-
cations of fleas and ticks were accomplished using the keys of Holland 
(1985) and Gregson (1956). Maturity of P. maniculatus was estimated 
based on size and reproductive state (Layne, 1968). Calculations of 
parasite parameters followed those of Margolis et al. (1982). Statistical 
evaluations of data were carried out using the Microsoft Statistical 
Package 2003. 
RESULTS 
Thirty-five mice were obtained and the mean data were 
collected. Eleven of the specimens were immature (3 female, 8 
male) and 24 were mature (5 female, 19 male). Parasite para-
meters are shown in Table I. Ten (29%) of the mice had no 
ectoparasites. The 5 mature females were lactating and, together, 
harbored 9 fleas. Of the 5 lactating mice, 2 were each parasitized 
with 1 male and 2 female fleas, another had 2 male fleas, 1 had 1 
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TABLE I. Distribution and prevalence (%) of the tick Ixodes uriae and the flea Orchopeas leucopus recovered from Peromyscus maniculatus trapped on 
GC-2 (Gannet Islands, Labrador) during 2006. 
Mean number of parasites per host ± SD Prevalence of parasites (%) 
Hosts n Ticks Female fleas 
Immature male 8 0.13 ± 0.35 2.75 ± 3.33 
Immature female 3 0 2.33 ± 2.08 
Mature male 19 0.47 ± 0.84 3.0 ± 3.38 
Mature female 5 0 1.0 ± 1.0 
female flea, and 1 had no fleas. The male mice were more heavily 
parasitized by fleas than were the females (Table I). No parasitism 
by ticks was seen on immature or mature female mice. Immature 
males and mature males had a prevalence of ticks of 12.5% and 
47.4%, respectively. 
DISCUSSION 
The relationship between parasites and hosts is an important 
one, especially in the case of those parasites that require 
intermediate hosts or vectors as part of their life cycle. The 
presence of the B. burgdorferi spirochete complex in seabirds is 
well documented (Olsen et aI., 1993, 1995; Smith et aI., 2006) and 
the presence of the bacterium has been isolated in northern 
climates from 1. scapularis and, more recently, from Gull Island, 
Newfoundland in 1. uriae (Smith et aI., 2006). The presence of B. 
garinii in North America has been established further north than 
previously recognized with this bacterium being isolated from 1. 
uriae collected on the Gannet Islands, off the coast of Labrador 
(Muzaffar et aI., 2009). The presence of Lyme disease spirochetes 
in northern seabirds appears to be an ongoing process associated 
with climate change. There are serious implications associated 
with the spread of Lyme disease in immunocompetent vectors, 
and this may vary with changing numbers of reservoir hosts or 
vectors such as seabirds and small mammals. Lyme disease is 
found in a variety of hosts, ranging from small mammals, i.e., 
Peromyscus leucopus, P. maniculatus, and other rodents (Durden 
and Wilson, 1991) to larger mammals and birds (Gray, 1998) and, 
while the larger mammals may become infected, they do not 
appear to be reservoir hosts (Gray, 1998). Rodents, especially 
species of Peromyscus, are immunocompetent reservoirs for Lyme 
disease (Rand et aI., 1993; Peavey and Lane, 1995). Several ixodid 
ticks have been implicated as vectors of the agents of Lyme 
borreliosis by White et al. (1991), who indicated an increase in 
Lyme disease cases concurrent with the spread in hard ticks that 
has been related to environmental change. Ixodes scapularis 
(formerly Ixodes dammini in northern North America) has been 
isolated from 2 dogs in insular Newfoundland, but is not thought 
to be the result of a previous visit to the North American 
continent (Artsob and Maloney, 2000). Whitney (2006) subse-
quently reported the presence of dogs bearing these ticks in 
Newfoundland, which he attributed to parasites being shed from 
birds; however, no spirochetes were reported from the ticks 
in either paper. The recent introduction of 1. scapularis into 
Newfoundland may be a result of immature ticks detaching from 
migratory birds (Scott et aI., 2001). 
Labrador and, more recently, insular Newfoundland are home 
to large numbers of P. maniculatus and other small mammals 
Male fleas Ticks Female fleas Male fleas 
1.38 ± 1.60 12.5 36.4 72.7 
0.33 ± 0.58 0.0 42.9 33.3 
1.0 ± 1.25 47.4 33.3 100.0 
0.8 ± 0.84 0.0 100.0 80.0 
that have also been shown to be reservoirs for B. burgdorferi. 
Anderson and Magnarelli (1984) reported that Haemaphysalis 
leporis-palustris, Cuterebra fontinella, and 0. leu copus were 
found to harbor spirochetes of B. garinii, and all of these species 
have been found in Newfoundland and Labrador (E. Baggs, 
unpubl. obs.). This spirochete has been isolated from samples of 
ticks (1. uriae) on the Gannet Islands (Muzaffar et aI., 2009), 
placing this pathogen in a habitat occupied by warm-blooded 
vertebrates (P. maniculatus) that can act as a year-round 
reservoir. The ticks collected from these deer mice were all 
adults. Furthermore, 0. leucopus was also found feeding at the 
same time on the mice, resulting in 2 intermediate hosts that may 
be capable of re-infecting or newly infecting, or both, other host 
organisms. Muzaffar (2000) reported finding 0. /eucopus on the 
thick-billed murre, Uria lomvia, and the Atlantic puffin, F. 
arctica. It is interesting to note that the Gannet Islands are home 
to 2 species of burrowing seabirds, F. arctica and 0. leucorhoa. 
The nest sites of birds are often co-habited by P. maniculatus 
(Cowan and Guiguet, 1956). The soils of the Gannet Islands are, 
for the most part, shallow (Stack, 2009), with areas of 
concentrated organic material that are utilized by puffins and 
storm-petrels which, in turn, provide ideal winter shelter for 
these mice. 
During the breeding season, this would bring parasitized birds 
and mammals together in a common habitat with both ticks and 
fleas that may be capable of transmitting B. garinii back and forth 
between the definitive hosts. Furthermore, these congregations 
can lead to super-infections and increased maintenance of 
infection (Rand, 2006) which, in turn, may provide a more 
substantial reservoir base for the spirochete and may also increase 
the likelihood of pathogenic effects on humans. 
No examinations were carried out on P. maniculatus for the 
presence of B. garinii by the present authors. Therefore, it is 
necessary that further investigations be conducted on these island 
populations of P. maniculatus to determine their role in Lyme 
disease transmission. 
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LAELAPID MITES (PARASITIFORMES: GAMASIDA), PARASITES OF AKODON 
PHILIPMYERSI (RODENTIA: CRICETIDAE) IN THE NORTHERN CAMPOS GRASSLANDS, 
ARGENTINA, WITH THE DESCRIPTION OF A NEW SPECIES 
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ABSTRACT: Androlaelaps ulysespardinasi, a new species of laelapid mite, is described based on specimens collected from the pelage of 
the akodontine rodent Akodon philipmyersi Pardiiias, D'Elia, Cirignoli and Suarez, 2005, which is endemic to the Northern Campos 
Grasslands in Misiones Province, Argentina. The formal taxonomic description, illustrations, and scanning electron micrographs 
of the new species are derived from female specimens; males and nymphs are unknown. Androlaelaps ulysespardinasi resembles 
Androlaelaps rotundus Fonseca, 1936 in general appearance, but it differs in having a more sclerotized, V-shaped and elevated ridge 
amongj4 andj6 setae in the dorsal shield; the idiosoma is smaller (586-634 ~ in length) and has a bilobed posterior margin. The 
sternal plate is 1.3 times broader than longer, the epigynial shield is 1.2 longer than broader, and an anal shield is almost as long as it is 
broad. Both species are close to Androlaelaps misionalis Lareschi, 2010 and Androlaelaps maurii Lareschi and Gettinger, 2009, but they 
differ in their larger size (586-650 ~m), in having the distance betweenj6 setae similar to the distance betweenj5 setae (72-83 ~m), II 
pairs of setae in opisthogaster, and lacking a pair of setae close to epigynal shield. In addition, An. ulysespardinasi n. sp. is unusual in 
having chelicerae with both digits with 2 teeth. An An. rotundus species group, which includes the new species, is proposed, and a key to 
identify the different species is provided. Host specificity of the different species with rodents from the Akodon division of the 
akodontines was observed, suggesting that cophylogeny between these mites and akodontines may have occurred. 
The laelapids (Parasitiformes, Gamasida) have worldwide distri-
bution and are one of the most speciose groups among gamasid 
mites, including species ranging from free-living predators to 
obligatory parasites (Radovsky, 1985; Dowling, 2006). Laelapid 
mites are ectoparasites most commonly associated with rodents; 
parasitism seems to have arisen multiple times (Dowling, 2006), and 
different species show a variety of degrees of dependence on their 
hosts. Androlaelaps Berlese, 1903 spp. have a cosmopolitan dis-
tribution (Radovsky, 1985). Six species of this genus are known from 
Argentina, and of them, 3 are host specific on akodontine rodents 
(Lareschi and Mauri, 1998; Lareschi and Gettinger, 2009; Lareschi, 
2010; Lareschi and Barros-Battesti, 2010). The Akodontini tribe is 
one of the most diverse among sigmodontines (Rodentia, Criceti-
dae); 14 species have been recorded from Misiones Province in 
northeastern Argentina, which represent >50% of the sigmodon-
tines from the area (pardiftas et aI., 2005, 2006). Akodon philipmyersi 
Pardiiias, D'Elia, Cirignoli and Suarez, 2005 is one of the latest 
species described from the tribe. This rodent is endemic to northern 
Campos in southern Misiones, where it is the most common prey 
item of the bam owl, Tyto alba (Gray, 1929) (pardiiias et aI., 2005). 
When studying the series type of Ak. philipmyersi, Ulyses F. J. 
Pardiiias (Centro Nacional Patagonico, CENPAT, Argentina) 
collected 61aelapid mites from the paratype CNP742, which were 
provided to the author. Three of these mites were identified as 
females of Androlaelaps Jahrenholzi (Berlese, 1911). The other 3 
represented a new species of Androlaelaps. Subsequently, successful 
trapping was conducted to obtain more specimens necessary for 
more detailed systematic analyses. Here, the new laelapid species is 
formally described. Information regarding abundance and preva-
lence oflaelapids associated with Ak. philipmyersi also is provided. 
MATERIALS AND METHODS 
Rodents were captured alive in Estancia Santa Ines (Misiones Province, 
Argentina) between 15 and 18 May 2009. Mites were removed from host 
Received 2 November 2010; revised 3 April 2011, 12 April 2011; 
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specimens in the field and then stored in 96% ethyl alcohol. In the 
laboratory, mites were cleared in lactophenol, mounted in Hoyers 
medium, and studied by light microscopy. Drawings were made with the 
aid of a drawing tube. Some specimens were dehydrated, examined using 
scanning electron miscroscopy (SEM; model 6360 LV; lEOL, Tokyo, 
Japan), and photographed. Mites were measured with a stage-calibrated 
ocular micrometer. The main taxonomic characters were measured from 
the holotype and paratype specimens and are presented in micrometers. 
Measurements are presented in the text as the value from the holotype, 
followed by mean ± SD and range values in parentheses. Evans and Till 
(1979) were followed for setal nomenclature. 
Rodents were identified by U.F.J. Pardiiias and Carlos Galliari 
(CEPA VE, La Plata, Argentina). Pardiiias et al. (2005) was followed for 
host taxonomy. Voucher specimens of mites are housed at Collection of 
Division de Entomologia, Museo de La Plata (MLP), La Plata, Argentina, 
and Annexes of Coleccion de Mamiferos del Centro Nacional Patagonico 
(CNP), Puerto Madryn, Chubut, Argentina, and voucher specimens of 
rodents are housed in the Coleccion de Mamiferos del CNP. Some 
specimens still maintain field number of collection (L TU). Mean abun-
dance (MA) and prevalence (P) were calculated according to Bush et al. 
(1997). For comparisons, type specimens of the following species were 
examined: An. rotundus, IBSP251a1d (from Instituto Butantan, Brazil); An 
maurii, MLP-LER403-l-7; and An. misionalis, MLP-CNP1925-1I9) (with 
An maurii and An. misionalis both from MLP). 
RESULTS 
Thirteen individuals of Ak. philipmyersi were captured, and all 
were parasitized with laelapids. Two hundred and sixteen female 
mites were collected (MA = 16.6). Twelve specimens key out in 
Furman's (1972) key to An. Jahrenholzi (MA = 0.92; P = 38.5) 
because of the seta ad1 of femur I not elongated, pilus dentilis 
broadly inflated basally, and setae of dorsal plate large and 
relatively coarse. The remaining 204 specimens were identified as 
the new species described bellow. 
DESCRIPTION 
Androlaelaps ulysespardinasi n. sp. 
(Figs. 1-7) 
Diagnosis (only females were collected): Dorsum (Figs. I, 4): Dorsal 
shield reticulate approximately 20-25% longer than wide, covering 
approximately 85% of total idiosoma, with V-shaped sclerotized raised 
ridge among setae j4 and j6 (Fig. I). Thirty-seven pairs of setae simple; jlJ 
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FIGURES 1-3. Androlaelaps ulysespardinasi n sp. (1) Dorsal plate. (2) Venter. (3) Chelicera. 
and z/Z series complete; central setae short (19-26 11m), with setae j5 
approximately one-third to one-fourth as long as distance from base of j5 
to z5. Pairs along posterolateral margin longer and stronger posteriorly; 
Z5 longest. Gland pores as illustrated. Margin of opisthosoma with 
single series of strong, simple setae, progressively longer and stronger 
posteriorly. Idiosoma ovoid, approximately 1.4 as long as wide; posterior 
margin bilobed, with soft cuticle strongly indented on either side of anal 
plate (Figs. 2, 4). Gnathosoma (Figs. 2, 3, 5, 6): Hypognathal groove with 
6 rows of teeth; strong tritosternum with unornamented base and 
thick laciniae. Gnathosomal (gn) and 3 pairs of hypos to mal setae present; 
minute with exception of hypostomal seta h3, twice as long as the others 
(46 Ilffi vs. <19 11m) (Figs. 2, 5). Chelicerae (Figs. 3, 6) chelate-dentate; 
movable digit (md) with hooked tip and 2 teeth; fixed digit (fd) 20% 
shorter than movable digit, with 2 teeth and long setiform pilus dentilis 
(pd); arthrodial corona of shortened processes. Ventral (Fig. 2): Sternal 
shield ;:0::1.3 times broader than long; broadest at lateral angles between 
coxae II and III. Reticulate presternal region anterior to sternal shield. 
Anterior margin slightly convex and slightly expanded at level of sternal 
seta stl; posterior margin and lateral margins concave; with 3 pairs of 
sternal setae: stl, st2, and st3 long, tips reaching or over-reaching the 
following setal bases. Sternal seta stl 25% shorter than st3; with 2 pairs of 
elongatellyriform pores on shield. Metasternal seta st4 subequal in length 
with stl. Epigynal reticulate shield broad, linguiform, almost parallel sided 
and rounded posteriorly; anterior margin convex, with short anterior 
flap of radiating lines, bearing single pair of setae (st5), shorter than 
sternal seta stl, st3, and metasternal st4. Peritrematic shield well sclero-
tized, extending 24 Ilffi posterior to stigma. Metapodal shields weakly 
sclerotized, longer (34 11m) than wide (12 11m). With pair of small shields 
situated at each side of epigynal shield. Opisthogaster reticulate with II 
pairs of strong setae. Anal shield (Figs. 2, 7) triangular, almost as long as 
broad; greatest width posterior level of the anus. Paranal (paa) setae 
setiform 70% length of postanal (poa), inserted immediately posterior 
level of mid-anus, reaching to insertion of longer, stronger postanal seta. 
Cribrum well developed, composed of 3 rows of teeth. Anal opening about 
half its length from anterior margin of anal shield. Legs (Fig. 2): All legs 
thick and subequal in length; proximal seta of coxa I (ps CI) strong and 
setiform; distal seta (ds el) shorter. Posterior seta of coxa II (ps cII) and III 
(ps cIII) strong but not spinose; seta of coxa IV (s elV) minute. Long seta 
ad] in femur I, with length subequal to width of femur at level of the seta; 
long seta ad3 in genu I. Leg chaetotaxy normal for Androlaelaps (sensu 
Till, 1963) (from coxa to tarsus, omitting tarsus I): leg I: 2, 6, 13, 13, 13; 
leg II: 2, 5, 11, 11, 10, .16; leg III: 2, 5, 6, 9, 8, 16; leg IV: 1,5,6, 10, 10, 16. 
Measurements (10 specimens): Dorsal shield length, 614, 618 ± 18.9 
(586-653); dorsal shield width, 470, 476 ± 19.9 (461-509). Length ofj5 = 
22,22 ± 2.2 (19-24); z5 = 22,24 ± 1.8 (22-26); J5 = 14,13 ± 1.0 (12-14); 
Z5 = 106, 106 ± 2.5 (101-110). Distance betweenj5 setae = 65,63 ± 3.0 
(58-65); z5 setae = 134, 139 ± 4.3 (134-146);j6 setae = 74, 76 ± 2.8 (72-
82);j5-z5 setae = 65,62 ± 4.4 (55-68); J5 setae = 82, 83 ± 1.9 (79-86); Z5 
setae = 125, 126 ± 4.3 (120-132). Length of gnathosomal seta = 19, 18 ± 
1.1 (17-19). Distance between gnathosomal setae = 60,61 ± 2.4 (55-64). 
Length of hypostomal seta h3 = 46, 44± 2.5 (41-46); distance between 
gnathosomal and hypostomal setae h3 = 48, 48±1.3 (46-50). Sternal 
shield length = 122, 120 ± 7.4 (110-127); sternal shield width = 161, 162 
± 3.1 (156-166). Length of sternal seta st] = 67,62 ± 3.4 (58-67); sternal 
seta st3, 77, 81 ± 3.3 (77-86). Distance between sternal setae stl = 96, 
97 ± 1.7 (94-98); between sternal setae st3 = 149, 152 ± 2.0 (159-154). 
Length of meta sternal setast4, 67, 63 ± 3.8 (55-67). Epigynal shield length 
= 118, 123 ± 5.3 (115-130). Greatest width of epigynal shield, 110, 107 ± 
3.9 (103-115); epigynal seta = 55, 57 ± 2.1 (53-60). Distance between 
epigynal setae = 89, 86 ± 2.6 (82-89). Greatest width anal shield = 96, 
95 ± 7.2 (89-108). Distance from postanal seta to anterior midline of anal 
shield = 84,86 ± 2.9 (82-91). Length of parana I seta = 50,49 ± 2.1 (46-
53); postanal seta = 70,71 ± 3.7 (65-77). Distance between paranal setae 
= 38,37 ± 1.0 (36-38). Length of proximal seta coxa 1= 58,57 ± 2.0 (53-
60); distal seta coxa I = 36, 36 ± 1.5 (34-38); posterior seta coxa II = 50, 
52 ± 3.3 (48-57); posterior seta coxa III = 34, 33 ± 2.5 (29-36); seta coxa 
IV = 19, 23 ± 2.9 (19-26). Length of seta ad] in femur I = 67, 61 ± 4.8 
(56-67); ad3 in genu I = 53, 53 ± 2.4 (48-58). 
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FIGURES 4-7. Scanning electron micrographs of Androlaelaps ulysespardinasi n sp. (4) Dorsum. (5) Gnathosoma. (6) Chelicera and pilus dentilis. (7) 
Detail of anal shield and cribrum. 
Taxonomic summary 
Type host: Akodon philipmyersi Pardinas, D'Elia, Cirignoli and Suarez, 2005 
(Sigmodontinae: Akodontini), CNP742. This voucher specimen is a paratype 
collected by U.F.J. Pardinas on 16 March 2001 and is housed at CNP. 
Type locality: Argentina, Province of Misiones, Department of Posa-
das, Estancia Santa Ines, Ruta No. 105 km 10 (27°31 '32"S, 55°52' 19"W, 
95 m). 
Type material: The type series was deposited in the following 
collections: Collection of Division de Entomologia, MLP (holotype 
MLP-CNP742-3 and 7 paratypes: MLP-CNP742-1I2, MLP-LTU722-3/ 
7); CNP (2 paratypes: LTU722-1I2). 
Other specimens studied: One hundred and ninety four females collected 
from individuals of Ak. philipmyersi captured in the type locality. 
Laelapids still maintain the field number of their hosts: LTU693-1I25, 
LTU694-1I25, LTU702-1I3, LTU703-1I29, LTU718-1/16, LTU719-1I14, 
LTU720-1/11, LTU722-8/13, LTU723-1I13, LTU724-1/15, LTU725-1/18, 
LTU728-1, and LTU729-1/18. 
Etymology: The species epithet ulysespardinasi is used as a noun in 
apposition honoring my friend the mammalogist Ulyses F. J. Pardinas, 
who provided me with the holotype and 2 paratypes of the new species. In 
honoring Dr. Pardinas, I want to recognize not only his contribution to 
the knowledge of sigmodontines but also his special care in collecting and 
considering their parasites. 
Biology: Six of the 10 laelapids of the type series were reproductive 
females, each carrying a single larva. Eggs were not observed in the slide 
preparations. Male, nymph, and larva unknown. 
Prevalence and mean abundance: 100% and 16. 
Remarks 
Androlaelaps ulysespardinasi n. sp. resembles Androlaelaps rotundus 
Fonseca, 1936, Androlaelpas misionalis Lareschi, 2010 and Androlaelaps 
maurii Lareschi and Gettinger, 2009 in general appearance, but it is smaller 
than An. rotundus (586-634!lm in length and 461-509 !lm in width vs. 650 
and 510--550 !lm, respectively, in An. rotundus) and larger than An. 
misionalis and An. maurii (477-538!lm in length and 366-462!lm in width). 
In addition, the new species differs from these species in having a more 
sclerotized V-shaped raised ridge amongj4 andj6 setae in the dorsal shield, 
the idiosoma with bilobed posterior margin, and the chelicerae with 2 teeth 
in each digit (vs. only I in movable digit, and fixed digit edentate in An. 
misionalis and An. maurii; unknown in An. rotundus, bad conservation of the 
type series did not allow observation of this characteristic). Androlaelaps 
ulysespardinasi n. sp. resembles An. rotundus in having th;: distance between 
j6 setae similar to the distance between j5 setae (72-83 !lm), whereas in 
A. misionalis and A. maurii, the j6-j6 distance is greater thanj5-j5 (> 103 !lm); 
in having I I pairs of seatae in opisthogaster (vs. 13 in An. misionalis and 
An. maurii), and lacking a pair of setae close to the epigynal shield. 
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DISCUSSION 
The province of Misiones is situated at northeastern Argentina 
and is limited to the west by Paraguay; Brazil to the east, to the 
north, and to the south; and the Argentinean province of 
Corrientes to the southwest. Not only is An. ulysespardinasi n. sp. 
described from Misiones Province but also An. Jahrenholzi is 
recorded for the first time from this area. Previously, only 2 
laelapids were reported from the province, Mysolaelpas parvispi-
nosus Fonseca, 1935 from Oligoryzomys sp. (Mauri, 1982) and An. 
misionalis from Akodon montensis Thomas, 1913 (Lareschi, 2010), 
but none from northern Campos grasslands. The results obtained 
increase to 4 lalapids present in Misiones Province. 
In contrast, An. ulysespardinasi and An. Jahrenholzi are the first 
parasites to be found in association with Ak. philipmyersi. Of the 
13 rodents trapped, 2 females were pregnant and 6 males had 
scrotal testes, indicating that this population was actively breed-
ing. Thus, high values of total laelapid prevalence (100%) and 
mean abundance (16.6) may be related to the breeding condition 
observed in most of the Ak. philipmyersi population, when contact 
among rodents is more frequent and the transmission, recruit-
ment, or both of ectoparasites more probable. This rodent species 
is known to be reproductively active toward the end of the sum-
mer season (Pardifias et aI., 2005), suggesting reproduction 
extends at least until early autumn. 
Androlaelaps Jahrenholzi is a species complex, with a great 
range of variation in its morphology across its cosmopolitan 
distribution and variety of hosts (including rodents, marsupials, 
bats, and birds) (Strandtmann and Wharton, 1958; Till, 1963; 
Furman, 1972). Three of the 6 mites taken from the rodent 
CNP742, and 12 specimens collected by the author were identified 
as females of An. Jahrenholzi. Individuals of Necromys lasiurus. 
(Lund, 1840), captured in sympatry with Ak. philipmyersi, also 
were parasitized with An. Jahrenholzi. In contrast, An. ulysespar-
dinasi seems to be specific for Ak. philipmyersi, because it has not 
been collected from any other sympatric rodent. Moreover, the 
new species was present in both male and female rodents, 
independently of their reproductive condition and age. The pre-
sence of only females of An. ulysespardinasi is in accordance with 
the literature, because males and immatures of most Androlaelaps 
species are infrequently recovered except in the nest (Radovsky, 
1985). Because rodent hosts were captured alive while foraging, 
probably the presence of only female mites just starting to initial 
reproduction may be related to their necessity of dispersion. 
Substantial intraspecific variation in An. rotundus was reported 
(Furman, 1972) related to different host species, suggesting that it 
is a composite species (Gettinger and Owen, 2000). This assump-
tion was corroborated by examining specimens deposited at the 
Acari Collection of the Instituto Butantan ([IBSP], Sao Paulo, 
Brazil) and in my collection (Lareschi and Barros-Battesti, 2010). 
A lectotype and series of paralectotypes of An. rotundus were 
designated, N lasiurus was proposed as probable type host, and 
new morphological details were given that contribute to the 
recognition of An. rotundus "sensu stricto" (Lareschi and Barros-
Battesti, 2010) and help to describe new species previously 
erroneously identified as An. rotundus (such as An. mauriz) 
(Lareschi and Gettinger, 2009). Here, the inclusion of An. 
rotundus, An. maurii, An. misionalis, and An. ulysespardinasi in a 
species group ("An. rotundus species group") is postulated on the 
basis of the following unique and shared characters: enlarged ad1 
seta in femur I with length subequal to width of femur at level of 
seta, andj5 setae of dorsal plate minute, approximately one-third 
to one-fourth as long as distance from base ofj5 to z5. Moreover, 
host specificity of the different species with rodents from the 
Akodon division of the akodontines (pardifias et aI., 2006) was 
observed (An. rotundus on N lasiurus; An. maurii on Deltamys 
kempi Thomas, 1917; An. misionalis on Ak. montensis; and An. 
ulysespardinasi on Ak. philipmyersi), suggesting that cophylogeny 
between these mites and akodontines may have occurred. Further 
examination of Androlaelaps spp. of all remaining species of the 
Akodon division should shed further light in this point. 
Key to species included in Andro/ae/aps rotundus species group 
1. Dorsal shield <540 1Jlll; distance between j6 setae greater than 
the distance between j5 setae (> 103 1Jlll); 13 pairs of seatae 
in opisthogaster, with a pair of setae close to the epigynal shield 
............................................. 2. 
- Dorsal shield >580 1Jlll; distance between j6 setae similar to the 
distance between j5 setae «83 1Jlll); II pairs of setae in 
opisthogaster, without a pair of setae close to the epigynal 
shield. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3. 
2. Dorsal shield length >510 and <540 1Jlll; sternal setae with tips not 
extending beyond the following setal base; sternal shield with a 
strongly convex posterior border; epigynal shield with a slightly 
concave posterior border; short epigynal setae «35% of total 
epigynal shield length) ... Androlaelaps misionalis Lareschi, 2010 
- Dorsal shield length <500 1Jlll; sternal setae with tips extending 
beyond the following setal base; sternal shield with a slightly 
convex posterior border; epigynal shield with a strongly concave 
posterior border; epigynal setae 50% of total epigynal shield 
length ..... Androlaelaps maurii Lareschi and Gettinger, 2009 
3. Dorsal shield with a V-shaped more sclerotized raised ridge in 
its center; idiosoma bilobed posteriorly with soft cuticle 
strongly indented on either side of the anal plate; sternal plate 
1.3 times broader than longer; epigynial shield 1.2 longer 
than broader; anal shield triangular, almost as long as it is 
broad ............... Androlaelaps ulysespardinasi n. sp. 
- Dorsal shield without a more sclerotized raised ridge in its center; 
idiosoma rounded posteriorly; sternal plate 1.5 times broader 
than longer; epigynial shield as long as broad; anal 1.5 times 
longer than wider in ..... Androlaelaps rotundus Fonseca, 1936 
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TWO NEW SPECIES OF HALIOTREMA (MONOGENOIDEA: DACTYLOGYRIDAE) FROM 
CIRRHITUS RIVULATUS (PERCIFORMES: CIRRHITIDAE) FROM THE PACIFIC COAST 
OF MEXICO 
Edgar F. Mendoza-Franco and Juan Violante-Gonzalez' 
Centro de Ecologfa, Pesquerfas y Oceanograffa del Golfo de Mexico (EPOMEX), Universidad Aut6noma de Campeche, Av. Agustin Melgar SIN, 
entre Juan de la Barrera y calle 20, Col. Buenavista, C.P. 24039, San Francisco de Campeche, Campeche, Mexico. e-mail: efmendoz@uacam.mx 
ABSTRACT: During surveys of helminth parasites of marine fishes from the Pacific coast of the Guerrero State in Mexico, 2 
undescribed species of Haliotrema Johnston and Tiegs, 1922 (sensu Young, 1968) (Dactylogyridae) were found infecting the gills of the 
giant hawkfish Cirrhitus rivulatus Valenciennes, 1846 (Perciformes, Cirrhitidae), i.e., Haliotrema cirrhitusi n, sp, and Haliotrema 
pollexinus n. sp. The new species are similar with respect to the morphology of the anchors with base-shaft junction crazed, hinged, or 
both; dorsal anchors with an elongate superficial root; a tubular male copulatory organ (MCO) with a cylinder-shaped base diagonally 
opening; and a membranous accessory piece, shaped like a vane, encircling MCO to form 2 complete spirals from the anterior margin 
of base to the terminal portion of the MCO. While H. cirrhitusi and H. pollexinus differ from all other species of the genus in the 
general morphology of the copulatory complex, only H. pollexinus notably differs from all these species in having a superficial, blade-
like projection from the inner surface on the distal shaft of anchors. Haliotrema cirrhitusi and H. pollexinus are the only members of the 
genus recorded in the Mexican Pacific and from a cirrhitid host. 
Johnston and Tiegs (1922) erected Haliotrema (Dactylogyridae) 
for a species that infected the mullid Parupeneus signatus (Giinther 
1867) (= Upeneus signatus Giinther, 1867 - see Kuiter, 1993 in 
FishBase) from Australia. Young (1968) amended this mono-
genoidean genus and described 10 new species. Since then, 
Haliotrema has become a much-expanded taxonomic "waste-
basket group," as viewed by some authors, and as a polyphyletic 
taxon viewed from others, based on morphological or molecular 
data, or both (Young, 1968; Bychowsky and Nagibina, 1970; 
Klassen, 1994a, 1994b; Kritsky and Stephens, 2001; Kritsky and 
Boeger, 2002; Simkova et aI., 2003, 2006; Rehulkova and Gelnar, 
2005; Wu et aI., 2006, 2007; Dang et aI., 2010). The fact is that there 
has not been an extensive revision of all species allocated in 
Haliotrema to clarify diagnosis based on clear morphological 
characters for this genus, which has been cited as containing species 
infecting a wide variety of fishes from 33 families belonging to 6 
orders (Perciformes, Tetraodontiformes, Ophidiiformes, Scorpae-
niformes, Siluriformes, and Beryciformes) (Kritsky and Stephens, 
2001; Sun et aI., 2007). As a result, Haliotrema has been restricted 
in composition by removing or transferring some of their species to 
other monogenoidean genera. Therefore, not all of these families 
mentioned above are still represented by hosts of species of 
Haliotrema (see Euzet and Suriano, 1977; Kritsky and Boeger, 
2002; Plaisance et aI., 2004; Rehulkova and Gelnar, 2005; Kritsky 
et aI., 2009). During surveys of helminth parasites of marine fishes 
from the Pacific coast of the Guerrero State in Mexico, 2 
undescribed species of Haliotrema (based on descriptions of species 
of Haliotrema) were recovered from the gill lamellae of the giant 
hawkfish Cirrhitus rivulatus Valenciennes, 1846 (Perciformes, 
Cirrhitidae). Herein, the new species are described and information 
about their prevalence and intensity of infections is provided. 
MATERIALS AND METHODS 
Fish were collected by hook-and-line and throw net~ from May to 
October 2007 from one site located on the Pacific coast of Mexico, 
Received 8 December 2010; revised 6 April 2011; accepted 14 April 2011. 
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specifically Cantiles de Mozimba in Acapulco, Guerrero, Mexico 
(16°51'04"N; 99°57'24"W). The gill basket of each fish was removed and 
placed in a finger bowl containing 4-5% formalin solution to fix any of the 
ectoparasites that might be present. Subsequently, parasites were isolated 
and stained with Gomori's trichrome and mounted in Canada balsam. In 
addition, some of these specimens fixed in formalin were mounted with a 
mixture of lactic-acid and glycerin-ammonium picrate (see Mendoza-
Franco et al. 2009) to obtain measurements and line drawings of haptoral 
structures. Processed worms were remounted in Canada balsam according 
to Ergens (1969). All other measurements were obtained from unflattened 
specimens stained with Gomori's trichrome. Drawings were made with 
the aid of a drawing attachment of an Olympus microscope BX51 (Olym-
pus Corporation, Tokyo, Japan) with Nomarski interference contrast. 
Measurements, in micrometers, represent straight-line distances between 
extreme points of the structures measured (body length includes the 
.baptor). Prevalence of infection in a sample was calculated as the 
percentage of hosts infected with a species of Haliotrema and mean 
intensity (number of monogenoids per infected fish) was expressed as the 
mean ± standard deviation (Bush et aI., 1997). Type and voucher 
specimens are deposited in the Colecci6n Nacional de Helmintos (CNHE), 
Institute of Biology, National Autonomous University of Mexico, Mexico 
and in the United States National Parasite Collection (USNPC), Beltsville, 
Maryland, as indicated. Scientific and common names of hosts are those 
provided by FishBase (Froese and Pauly, 2010) and host body lengths are 
expressed as total length (TL). 
DESCRIPTIONS 
Haliotrema cirrhitusi n. sp. 
(Figs. 1-7). 
Diagnosis (based on 15 specimens): Body 674 (472-855; n = 13) long, 
slender, slightly constricted at level of vaginal aperture; greatest width 80 
(64-97; n = 10) at level of copulatory complex. Cephalic region broad; 
cephalic lobes moderately developed; 3 bilateral pairs of head organs; 
cephalic glands posterolateral to pharynx. Four minute eyes; members of 
anterior pair slightly closer together. Pharynx 29 (24-37; n = 12) in 
diameter; esophagus short; intestinal ceca confluent posterior to gonads, 
lacking diverticula. Peduncle elongate. Haptor 70 (55-90; n = 7) long, 127 
(121-150; n = 12) wide, pentagonal. Ventral anchor 69 (65-79; n = 24) 
long, base-shaft junction crazed, broad base with poorly differentiated 
roots, slightly bent shaft, short point; base 36 (30-40; n = 13) wide. Dorsal 
anchor 89 (84-94; n = 4) long, base-shaft junction hinged, inconspicuous 
deep root, elongate superficial root, slightly curved and short shaft, short 
point with tip slightly curved; base 43 (39-45; n = 13) wide. Ventral bar 73 
(62-77; n = 8) long, W-shaped with slightly serrated anterior margin. 
Dorsal bar 76 (62-91; n = 4) long, an inverted broad V with bilateral 
striations nearly to its vertex. Hooks 12 (12-13; n = 24) long, all similar, 
with rounded thumb, delicate point, slightly expanded shank, uniform, 
slightly curved proximally; filamentous hooklet (FH) loop about shank 
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FIGURES 1-7. Haliotrema cirrhitusi n. sp. (1) Composite illustration of entire specimen (ventral). (2) Ventral bar. (3) Hook. (4) Copulatory complex. (5) 
Dorsal bar. (6) Ventral anchor. (7) Dorsal anchor. Figures are drawn to the following scales: IOO!lm (Fig. 1), 25 !lm (Figs. 2,4,5),1O!!ffi (Fig. 3),30!!ffi 
(Figs. 6, 7). 
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length. Male copulatory organ (MCO) 71 (50-94; n = 12) long, tapered, 
tubular, with twisted acute tip, cylinder-shaped base, terminating in 
diagonal opening; accessory piece, membranous, shaped like a vane, 
encircling MCO to form 2 complete spirals from anterior margin of base 
to terminal portion of MCO. Testis 73 (48-100; n = 10) long, 44 (20-88; 
n = 10) wide, subovate, intercecal, lying slightly posterior to body 
midlength; proximal vas deferens and seminal vesicle not observed. 
Prostatic glands conspicuous, radiating in dorsal region of anterior trunk. 
Prostatic reservoir: large, pyriform. Germarium 39 (25-57; n = 8) long, 25 
(19-34; n = 10) wide, ovate, pretesticular; oviduct short. Vaginal aperture 
dextral, pyriform structure slightly lying diagonally to midline; vaginal 
duct to join ovate seminal receptacle not observed. Vitelline follicles dense 
throughout trunk, absent in regions of reproductive organs. 
Taxonomic summary 
Type host: Giant hawkfish Cirrhitus rivulatus Valenciennes, 1846 
(Perciformes: Cirrhitidae). 
Site of infection: Gill lamellae. 
Type locality and collection date: Cantiles de Mozimba in Acapulco, 
Guerrero, Mexico (16°51 '04"N, 99°57'24"W); 18 May 2007. 
Prevalence and intensity of infection: Twenty-three fish (mean TL 21.12, 
± 1.68 cm) infected of23 examined (100%); intensity of infection, 9.2 ± 6.4. 
Etymology: This species is derived from the generic name of its host. 
Specimens deposited: Holotype and 8 paratypes in USNPC (104434 and 
104435, respectively), 6 paratypes in CNHE (7674). 
Remarks 
Considering the criteria of Young (1968) and examination of original 
descriptions of species of Haliotrema, i.e., a tapered, tubular MCO 
(spiraling or not), might be bent, a cup or trapezoid-shaped base of the 
copulatory organ, a simple, filamentous accessory piece, vaginal aperture 
dextral, marginal, and hooks with nondilated shank and depressed thumb 
(see Kritsky and Stephens, 2001; Plaisance et al. 2004), the new species was 
allocated to Haliotrema, at least until a total revision of Haliotrema has 
been carried out. Based on an examination of original descriptions of 
previous nominal species of Haliotrema, the combination of the following 
characters serves to distinguish H. cirrithusi n. sp. from its congeners: 
MCO, a tapered tube with twisted acute tip and cylinder-shaped base from 
which the membranous accessory piece arises on its anterior margin; and 
the comparative morphology of the haptoral sclerites, i.e., anchors with 
base-shaft junction crazed, hinged, or both, and dorsal anchor with 
elongate superficial root. This species resembles Haliotrema cummanensis 
Guevara, Zambrano and Martinez, 2005 from Lactophrys polygonia Poey, 
1876 (now Acanthostracion polygonius) (Tetraodontiformes, Ostraciidae) 
from the Mochima Bay in Venezuela (Guevara et aI., 2005) in the general 
morphology of the copulatory complex and vagina. It differs from this 
latter species in the shape of ventral and dorsal anchors, i.e., ventral: 
broad base with poorly differentiated roots versus roots well developed in 
H. cummanensis; dorsal: elongate superficial root versus superficial root 
poorly developed in H. cummanensis (see Figs. 6 and 7 in present study 
and IF and IG in Guevara et al. 2005, respectively). 
Haliotrema pollexinus n. sp. 
(Figs. 8-14) 
Diagnosis (based on 5 specimens): Body 596 (514-700; n = 5) long, 
robust; greatest width 80 (74-89; n = 4) at level of copulatory complex. 
Cephalic margin broad; cephalic lobes moderately developed; 3 bilateral 
pairs of head organs; cephalic glands posterolateral to pharynx. Four 
minute eyes; members of anterior pair slightly closer together. Pharynx 32 
(26-36; n = 4) in diameter; esophagus short; intestinal ceca confluent 
posterior to gonads, lacking diverticula. Peduncle elongate. Haptor 62 (58-
65; n = 5) long, 116 (103-157; n = 5) wide, subhexagonal. Anchors similar 
in shape, each with straight shaft and superficial blade-like projection 
arising from inner surface of its distal portion, bent 90° at union of shaft and 
point. Ventral anchor 57 (55-60; n = 10) long, base-shaft junction crazed, 
poorly developed deep root, tapered superficial root, point moderately long 
with tip slightly curved; base 27 (26-28; n = 10) wide. Dorsal anchor 68 (n = 
2) long, base-shaft junction hinged, rounded deep root, elongate superficial 
root; base 35 (34-37; n = 10) wide. Ventral bar 74 (62-78; n = 5) long, M-
shaped with bilateral striations on its anterior margin and posterior 
projections directed laterally. Dorsal bar 68 (52-74; n = 5) long, an inverted, 
open V with bilateral subterminal incisions directed anteriorly. Hooks 14 
(13-14; n = 33) long, all similar, with rounded thumb, delicate point, 
slender shank, uniform, slightly curved proximally; filamentous hooklet 
(FH) loop about shank length. MCO 67 (60-82; n = 3) long, tapered, 
tubular, with tip bent sinistrally oriented and forming an angle of 90° from 
the longitudinal axis of body, cylinder-shape base, terminating in diagonal 
opening; accessory piece membranous, shaped like a vane encircling MCO 
to form 2 complete spirals from anterior margin of base to terminal portion 
of MCO. Testis 66 (52-76; n = 4) long, 41 (29-50; n = 4) wide, ovate, 
intercecal, lying slightly posterior to body midlength; proximal vas deferens 
and seminal vesicle not observed. Prostatic glands forming a conspicuous 
mass in dorsal region of anterior trunk. Prostatic reservoir inconspicuous. 
Germarium 43 (40-50; n = 4) long, 29 (27-33; n = 3) wide, ovate, 
pretesticular; oviduct short. Vaginal aperture dextral, a corrugated bulbous 
structure lying diagonally to midline; vaginal duct to join ovate seminal 
receptacle not observed. Vitelline follicles dense throughout trunk, absent in 
regions of reproductive organs. 
Taxonomic summary 
Type host: Giant hawkfish Cirrhitus rivulatus Valenciennes, 1846 
(Perciformes: Cirrhitidae). 
Site of infection: Gill lamellae. 
Type locality and collection date: Cantiles de Mozimba in Acapulco, 
Guerrero, Mexico (l6°51'04"N; 99°57'24"W); 18 May 2007. 
Prevalence and intensity of infection: Eighteen fish (mean TL 21.1, ± 
1.7 em) infected of 23 examined (80%); intensity of infection, 4.4 ± 5.3. 
Etymology: The specific name is from the Latin (pollex = thumb or big 
toe) and refers to the shape of the superficial projection arising from inner 
surface of distal shaft of anchors. 
Specimens deposited: Holotype and 2 paratypes in USNPC (104436 and 
104437, respectively), 2 paratypes in CNHE (7675). 
Remarks 
Haliotrema pollexinus n. sp. differs from all other congeneric species in 
having a superficial, blade-like projection on the distal shaft of their anchors. 
This characteristic is similar to that used to describe other dactylogyrids 
. well differentiated from species of Haliotrema, e.g., species of Pterocleidus 
(Mueller 1937) Beverley-Burton and Suriano, 1980, Dactylogyrus Diesing, 
1850, Haliotrematoides Kritsky, Yang, and Sun, 2009, and some diplecta-
nids, e.g., species of Rhabdosynochus, among others (Hendrix, 1994; 
Mendoza-Franco et aI., 2006; Kritsky et al., 2009). Haliotrema pollexinus 
and H. cirrhitusi, both species found on the same host species (c. rivulatus) 
(present study), share the generic characteristics of anchors with base-shaft 
junction crazed, hinged, or both, dorsal anchors with elongate superficial 
root, a tubular MCO .with cylinder-shaped base diagonally opening, and a 
membranous accessory piece encircling MCO to form 2 complete spirals 
from the anterior margin of base to the terminal portion of the MCO. 
However, H. pollexinus differs from H. cirrhitusi and all other species of the 
genus in having the characteristic (blade-like projection) mentioned above. 
DISCUSSION 
Among all known monogenoidean species, only Microcoty-
loides incisa (Linton 1910) Fujii 1944, (Microcotylidae) has been 
reported from C. rivulatus, a host collected from Baja California 
Sur and Nayarit, northwest Mexico (see Bravo-Hollis, 1978; 
Kohn et ai., 2006). Present findings represent new monogenoi-
dean records on this latter host species. 
Young (1968) defined Haliotrema based on the combination of 
characters, i.e., vas deferens looping around the left cecal branch, 
posterior union of the gut crura, and the dextral opening of the 
vagina that occurs in many dactylogyrids currently assigned to 
other genera. Consequently, some of the many species (157 cited 
in Sun et ai., 2007) initially classified within Haliotrema have been 
redescribed, or transferred to other genera, or both (see Euzet and 
Suriano, 1977; Kritsky and Boeger, 2002; Plaisance et ai., 2004; 
Rehulkova and Gelnar, 2005). For example, species originally 
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FIGURES 8-14. Haliotrema pollexinus n. sp. (8) Composite illustration of entire specimen (ventral). (9) Ventral bar. (10) Copulatory complex. (11) 
Hook. (12) Dorsal bar. (13) Ventral anchor. (14) Dorsal anchor. Figures are drawn to the following scales: 100 Iill1 (Fig. 8), 25 Iill1 (Figs. 9, 12), 20 Iill1 
(Fig. 10), 10 Iill1 (Fig. 11), 30 Iill1 (Figs. 13, 14). 
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accommodated in Haliotrema from haemulids from the Gulf of 
Mexico (see Zhukov, 1981) and from lutjanids from the Mexican 
Pacific (see Garcia-Vargas et aI., 2008) have been transferred to 
Haliotrematoides (see Kritsky et aI., 2009, Mendoza-Franco et aI., 
2009). Currently, the lack of a complete formal revision of all 
remnant species referenced into Haliotrema limits our ability to 
list all valid species of this monogenoidean genus. 
Until an entire revision of Haliotrema has been undertaken, 
present specimens from C. rivulatus have been placed in Haliotrema 
based on Young's (1968) generic diagnosis and on observations of 
other described species of Haliotrema in Vala et aI. (1982), Klassen 
(1993), Kritsky and Stephens (2001), Plaisance et aI. (2004), Guevara 
et aI. (2005), and Sun et aI. (2007). Because species of Haliotrema 
originally reported from lutjanids by Garcia-Vargas et aI. (2008) are 
now accommodated into Haliotrematoides, the present fmdings (H. 
cirrhitusi and H. pollexinus) represent the only known species of 
Haliotrema from the Mexican Pacific and from a cirrhitid host. 
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LOCALIZATION OF PHOTORECEPTORS IN THE CERCARIAE OF PROTEROMETRA 
MACROSTOMA (TREMATODA: AZYGIIDAE) 
Marc Rowley, Kathryn Massana, and Abigail Wier 
Department of Biology, Berea College, Berea, Kentucky 40404, e-mail: marcJowley@berea.edu 
ABSTRACT: The swimming behavior of the cercaria of the digenetic trematode Proterometra macrostoma changes in response to light. 
However, this cercaria does not possess obvious eyes or eyespots. Using behavioral assays, we were able to show that both intact 
and distome-removed cercariae swim significantly greater vertical distances under dim, red light than under brighter, white light. 
Electrophysiological experiments confirmed this result and further showed that the transverse band of the tail, known to control 
cercariae swimming behavior, was necessary and sufficient for the display of the light-dependent swimming behavior. Together, these 
data show that the distome is not required for light-dependent swimming behavior in p, macrostoma cercariae and indirectly 
demonstrates the presence of photoreceptors in the transverse band of the cercaria tail. 
The cercaria stage of Proterometra macrostoma serves as the 
link between a snail intermediate host and a centrarchid fish 
definitive host. The cercaria is released into the water at night 
from the snail and engages in a characteristic swimming behavior 
where the tail is used to propel the cercaria vertically through the 
water column (Prior and Uglem, 1979), After reaching the apex of 
its swimming burst, the cercaria drifts back down until it comes in 
contact with the substratum, whereupon it initiates another bout 
of swimming (Prior and U glem, 1979). 
It has been observed that P. macrostoma cercariae alter their 
swimming behavior in response to light stimuli, swimming greater 
vertical distances under red than under white light (Rosen, Ammons 
et al., 2005; Rosen et al., 2008). Other digenean species also are 
known to respond similarly (Miller and Mahaffy, 1930; Smyth and 
Halton, 1983) by increasing their swimming behavior in response to 
darkness or shadow. Proterometra macrostoma cercariae also emerge 
more frequently in the dark than in the light (Lewis et al., 1989), 
Unlike ocellate trematodes that have obvious eyespots housing 
photoreceptor organs (Pond and Cable, 1966), p, macrostoma does 
not. Other trematode species also lack eyespots, but in at least 1 
species, Schistosoma mansoni, a putative photoreceptor organ has 
been identified in the cercaria (Short and Gagne, 1975), 
It is thought that these light-dependent behaviors may enhance the 
likelihood that cercariae are acquired by their definitive hosts (Rosen, 
Ammons et al., 2005), Indeed, a survey of infected fishes from our 
collection site shows that the night-feeding warmouth (Lepomis 
gulosus) carry a greater p, macrostoma infection load than the day-
feeding longear sunfish (Lepomis megalotis) (Rosen, Anderson-
Hoagland et al., 2005), Although host physiology may explain some 
of this difference in infection intensity (Rosen, Anderson-Hoagland 
et al., 2005), host feeding behavior cannot be discounted, In species 
like the warmouth, the increased infection intensity may be linked to 
increased emergence frequency and vertical swimming behaviors of 
P. macrostoma under dark conditions. 
It has been demonstrated previously that cercaria swimming 
behavior in P. macrostoma is controlled not by the body of the 
worm but by the tail. Uglem and Prior (1983) state that surgically 
removing the dis tome from a cercaria does not alter the swimming 
behavior of the tail. They identified the transverse band, located 
at the junction of the cercaria tail and the furcae, as the origin of 
the swimming impulse (Prior and U glem, 1979) and that the same 
region shows significant acetylcholinesterase activity (Uglem and 
Prior, 1983), All of this information points to the transverse band 
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as the control center for swimming behavior in P. macrostoma 
cercariae. We hypothesized that the light-dependent aspects of 
cercaria swimming behavior also are controlled by this region of 
the tail. 
MATERIALS AND METHODS 
Snails, Elimia semicarinata, were collected from North Elkhorn Creek in 
Scott County, Kentucky (38°ll'00"N, 84°29'19"W) and maintained in 
water drawn from the creek at 20 C with a 12-lightIl2-hr dark cycle, 
shifted so that the dark period began at 0300 hr. Because cercariae are 
shed in the early hours of the night, this time shift allowed us to have fresh 
cercariae each morning, 
Behavior trials were conducted using 2-L graduated cylinders filled with 
Artificial Pond Water (APW; 0,5 mM NaCl, 0,05 mM KC1, 0.4 mM CaCI2, 
and 0,025 mM MgCI2) in the manner of Rosen, Ammons et al. (2005), 
Individual cercariae were placed into each cylinder. A 2-min acclimation 
period preceded a 5-min trial. To ensure accurate monitoring of semi-
random swims, the first swim of each min was monitored for the height of 
the swim (typically there are 3-5 swims/min), Cercariae were subjected to 
either red or broad-spectrum white light during the trials, This light was 
provided by a group of20-W Ecolux lamps (F20Tl2-PLlAQ-ECO, General 
Electric, Cleveland, Ohio) either bare, or covered, with a single layer of a red 
filter (Roscolux #26, Roscoe Laboratories Inc., Stamford, Connecticut), 
Light intensities as measured at the 2-L mark on the graduated cylinders 
were 432 lux for white light and 57 lux for red, All animals were tested under 
both conditions, and the order of presentation was alternated, 
Behavioral trials also were run with distome-less tails, The distomes 
were surgically removed by making a small incision at the apex of the tail 
and allowing the distome to slide out. Tails thus altered were tested as 
described above except that they were delivered to the bottom of the 
cylinders by pipette, and the first 5 swims were recorded, This was 
necessary because the distome-less tails were more buoyant than the 
normal cercariae and did not sink to the bottom between swims, 
Data for an individual cercaria were collected as the average vertical 
swim distance in mm, of the 5 recorded swims, Behavior trials were 
conducted with 23 intact and 22 distome-removed cercariae, A paired t-
test, with Bonferroni correction for multiple comparisons, was used to 
compare the swimming distances in the 2 light conditions, 
Electrophysiological recordings were obtained using a suction electrode 
attached to the exterior of a cercaria immersed in APW (Prior and Uglem, 
1979), The bright, white light stimulus was provided by a light box attached 
to 2 fiber optic light guides, These guides were placed within the Faraday 
cage to deliver light close to the preparation, This light was controlled by a 
rocker switch, Because there was a delay between turning the box on and 
actually projecting light onto the preparation, the operator would mark the 
computer record at the moment that the light became visible, Red light was 
provided by the same light source used in the behavior experiments, 
positioned above the preparation on the top of the cage, 
Each cercaria was allowed a 2-min acclimation period of white 
(8,000 lux) or red light (4 lux), matched to be the same as the first 
stimulus to be presented, after which 4, 2-min alternating white and red 
light recordings were conducted. Recordings also were made with distome-
less cercariae and preparations that had only the transverse band and 
furcae, The order of stimulus presentation was alternated in all 3 
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FIGURE 1. Mean ± SE vertical swimming burst distance of red and 
white light swimming responses of intact and distome removed cercariae 
of Proterometra macrostoma; N = 23 for intact and 22 for distome 
removed cercariae. Asterisk (*) indicates a significant difference at 
P:s 0.025. 
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preparations. Sample sizes were 10 intact cercariae, 10 distome-removed 
cercariae, and 11 transverse bandlfurcae preparations. 
Data were collected from the primary amplifier (P55, Grass Technol-
ogies, West Warwick, Rhode Island) using an 8/30 data acquisition system 
(ADInstruments) attached to a Macintosh personal computer (Apple 
Computer, Cupertino, California). Chart software (AD Instruments, 
Colorado Springs, Colorado) was used to visualize and obtain data from 
the recordings. Data were collected as the number of bursts in each 2-min 
record, and the duration of each burst in seconds. Data were analyzed 
using I-way analysis of variance with preparation type as a blocking 
factor. 
Light intensity was measured in lux only as a way to determine relative 
intensity of the light stimuli used. For comparison, measurements at the 
collection site were 1 lux on an overcast night and 6,250 lux on an overcast 
morning. Given this range, our stimulus range of 4 to 8,000 lux is well 
within the normal light intensities cercariae encounter at this site. Red 
light was chosen as the dark stimulus because it gave the greatest behavior 
contrast to white light in preliminary work (Rosen, Ammons et aI., 2005). 
RESULTS 
When exposed to dim red light, intact cercariae swam 
significantly greater vertical distance than when exposed to bright 
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FIGURE 2. Sample recordings from intact, distome-removed, and transverse band with furcae preparations of Proterometra macrostoma cercariae. 
Recordings are all 2 min, with the dotted line indicating the moment of change in light conditions. 
OWhite Light 
14 _Red Light 
12 
c 10 ~ 
N 
..... 8 <II ~ 
:::l 
co 6 ~ 
+t 
c 4 
'" Q) 
::!: 
2 
0 
Intact Distome Removed Transverse Band 
FIGURE 3. Mean ± SE number of swimming bursts per 2-min period in 
Proterometra macrostoma cercariae under red and white light conditions. 
N = 10 for intact and distome removed preparations, and N = II for 
transverse band preparations. 
white light (t = 3.82, 22 df, P < 0.001; Fig. 1). Tails with the 
distome removed also swam significantly greater vertical distances 
in red light than in white (t = 4.34,21 df, P < 0.001; Fig. 1). 
Sample e1ectrophysio10gica1 records showing the light transi-
tion from red to white or from white to red in all 3 preparation 
types are shown in Figure 2. There was no significant difference 
between the number of bursts fired over a 2-min recording period 
for any of the 3 types of preparation tested (F = 0.001, P = 0.976; 
Fig. 3); however, the transverse band preparations fired signifi-
cantly more bursts than the other 2 preparation types (F = 6.627, 
P < 0.003). The average burst duration was significantly greater 
under red light conditions in all 3 preparation types (F = 22.477, 
P < 0.001; Fig. 4). There was no significant effect of preparation 
type on average burst duration (F = 1.002, P = 0.37). 
DISCUSSION 
Furcocystocercous and cystocercous cercariae, like those of P. 
macrostoma and Gorgodorina vitelli/oba, respectively, are unusual 
compared with most other digenean cercariae in that the dis tome 
is physically withdrawn inside the tail. Previous research suggests 
that in both P. macrostoma and G. vitelliloba, the tail acts as an 
autonomous vehicle for the distome, protecting it from osmotic 
stress while conveying it through the water to attract a definitive 
host (Braham et aI., 1996; Mitchell et aI., 1980). Our research 
supports these conclusions. The dis tome is not needed for normal 
swimming behavior nor is it required to mediate the 1ight-
dependent aspects of swimming behavior. In our experiments, 
both intact and distome-removed cercariae reduced their vertical 
swimming distance when exposed to white light. 
E1ectrophysio10gica1 experiments support this conclusion as 
well. Although there were no changes in the number of bursts 
fired, exposure to dim red light resulted in significantly longer 
bursts of electrical activity in the transverse band compared with 
activity under bright white light. This pattern held for intact 
cercariae, tails with the distome removed, and even just the 
posterior portion of the tail including the transverse band and 
furcae. This is consistent with the observations of Prior and 
Ug1em (1979) that the electrical activity driving swimming is not 
generated in the distome but instead in the transverse band of the 
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preparations. Asterisk (*) indicates a significant difference at P :s 0.05. 
tail. This region also stains positive for acetylcholinesterase 
activity, marking it as a site for neuromuscular interaction (Ug1em 
and Prior, 1983). 
These results demonstrate that the distome is not required for 
light-dependent changes in vertical swimming distance. The tail 
seems to act as an autonomous vehicle, conveying the distome 
through the water and responding to changes in ambient light as it 
does so. Pilot experiments with tails with the furcae removed showed 
that the furcae also are not needed for the light-dependent behavior. 
Collectively, our results suggest that there are photoreceptors that 
mediate this behavior within the transverse band of the tail. 
Our findings are particularly interesting as other trematode 
species, both ocellate and non-ocellate, also have the photorecep-
tors housed in the distome (Pond and Cable, 1966; Short and 
Gagne, 1975). Even in S. mansoni, a non-ocellate cercaria known 
to respond to shadow (Saladin, 1982), the putative photoreceptors 
are located at the anterior of the animal (Short and Gagne, 1975). 
It is perhaps not surprising to find the cercariae photoreceptors of 
P. macrostoma in the tail due to its unusual construction in having 
the distome body withdrawn into the tail. Direct confirmation of 
these photoreceptors by histochemical staining or transmission 
electron microscopy is being planned for a future study. 
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PREVALENCE OF TOXOPLASMA GONDIIINFECTION IN WILD BIRDS IN 
DURANGO, MEXICO 
C. Alvarado-Esquivel, C. Rajendran*, L. R. Ferreira*, O. C. H. Kwok*, S. Choudhary*, D. Alvarado-Esquivel, 
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ABSTRACT: There is a lack of information concerning the prevalence of Toxoplasma gondii infection in wild birds in Mexico, In the 
present study, serum samples and tissues from 653 birds from Durango State, Mexico, were evaluated for T. gondii infection. 
Antibodies to T. gondii (modified agglutination test, titer I :25 or higher) were found in 17 (2,6%) of the 653 birds, including I of 2 
curve-billed thrashers (Toxostoma curvirostre), 2 (I Anas platyrhynchos, I Anas diazi) of 4 ducks, I of 2 eagles (Aquila sp,), 5 (27.8%) of 
18 great-tailed grackles (Quiscalus mexicanus), 7 (1,3%) of 521 rock pigeons (Columba livia), and I (14,3%) of 7 quail (Coturnix 
coturnix), The seroprevalence of T. gondii infection in birds captured in a park outside the city zoo (11,6%, 8/69) was significantly 
higher than that found in birds from other regions (1.5%, 9/584, OR = 8.38; 95% CI: 2,82-24.77; P = 0.0001). Brains and hearts of 23 
birds (17 seropositive, 6 seronegative) were bioassayed in mice for the isolation of T. gondii, Viable T. gondii was isolated from I of 7 
seropositive pigeons. The DNA obtained from the T. gondii isolate from the pigeon was genotyped using the PCR-RFLP typing using 
II markers (BI, SAGI, SAG2, SAG3, BTUB, GRA6, c22-8, c29-2, L358, PKI, and Apico) and revealed an atypical genotype. This is 
the first report of T. gondii infection in great-tailed grackles, the Mexican duck, and curved-billed thrashers and the first survey of wild 
birds in Mexico. 
Toxoplasma gondii infects humans and other animals world-
wide (Dubey, 2010). We have been studying the epidemiology of 
T. gondii infection in humans (Alvarado-Esquivel et al., 2006, 
2008,2009; Alvarado-Esquivel, Liesenfeld, Marquez-Conde et al., 
2010; Alvarado-Esquivel, Liesenfeld, Torres-Castorena et al., 2010; 
Alfarado-Esquivel, Rojas-Rivera et al., 2010; Alvarado-Esquivel, 
Estrada-Martinez et al., 2011; Alvarado-Esquivel, Urbina-Alvarez 
et al., 2011) and other animals (Alvarado-Esquivel et al., 2007; 
Dubey, Alvarado-Esquivel et al., 2007; Dubey et al., 2009; Alvarado-
Esquivel, Garcia Machado et al., 2011) in Durango, Mexico. 
Durango, with a temperate climate, is in the north of Mexico, and 
Durango City is located in the valley region in the south-central part 
of Durango State at 1,880 m above sea level. Previously, we found 
infections with T. gondii were associated with consumption of pigeon 
meat in humans (Alvarado-Esquivel, Rojas-Rivera et al., 2010) in 
Durango, Mexico. 
In the present study, we determined prevalence of T. gondii in 
wild birds in Durango, Mexico, because birds may represent a 
source of infection for humans and felids, as well as for other 
birds. The ingestion of infected birds is considered an important 
source of infection for cats, and cats can shed millions of oocysts 
in the environment (Dubey, 2010). 
MATERIALS AND METHODS 
Birds surveyed from Durango 
Six hundred and fifty-three birds of 19 species were sampled (Table I). 
The study was performed from July 2009 to November 2010. Most 
(96.2%) birds were adults, and 3.8% were juvenile. Most (78.7%) were 
captured in the metropolitan area of Durango City, and 21,3% were 
captured or found road killed in rural areas of Durango State. Of the 521 
pigeons, 249 were captured in the garbage transfer center, 43 in a park just 
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outside the city zoo «100 m), 153 in other places in the metropolitan 
area, and 76 in rural areas. 
Serological examination 
Serum samples were tested for T. gondii antibodies using dilutions from 
I :25 to I :3,200 with the modified agglutination test (MAT) as described by 
Dubey and Desmonts (1987). The antigen was prepared at the Laboratory 
of Parasitology, National Reference Centre on Toxoplasmosis (Reims, 
France), as described by Desmonts and Remington (1980). 
Bioassay for T. gondii 
Tissues of 23 (17 seropositive, 6 seronegative) birds were bioassayed 
individually for T. gondii in mice (Table I). Samples of brain and heart 
were pooled, homogenized, digested in acid-pepsin, and processed for 
inoculation into 3 out-bred female Swiss Webster (SW) mice and 2 gamma 
interferon gene knockout (KO) mice as described by Dubey et aL (2010). 
The inoculated mice were examined for T. gondii infection. Tissue imprints 
of lungs and brains of mice that died were examined for T. gondii 
tachyzoites or tissue cysts. Survivors were bled on day 41 post-inoculation 
(PI), and a I :25 dilution of serum from each mouse was tested for T. gondii 
antibodies with the MAT. Mice were killed 43 days PI, and brains of all 
mice were examined for tissue cysts as described previously (Dubey, 2010). 
The inoculated mice were considered infected with T. gondii when 
tachyzoites or tissue cysts were found in tissues. Homogenate of infected 
tissues of positive mice was seeded on to CVI cells. 
Genetic characterization 
Toxoplasma gondii DNA extracted from cell culture-derived tachyzoites 
was characterized using 11 genetic markers BI, SAGI, SAG2, SAG3, 
BTUB, GRA6, c22-8, c29-2, L358, PKI, and Apico as described by Su 
et aL (2010). 
RESULTS 
Antibodies to T. gondii were found in 17 (2.6%) of the 653 birds 
(Table I). Seropositive birds were adults and belonged to 7 species. 
The sample size for most species was small; it is noteworthy, 
however, that 2 of 4 (50%) ducks (1/2 Anas platyrhynchus, 112 Anas 
diazi) 5 of 18 (27.8%) great-tailed grackles (Quiscalus mexicanus), 
and 7 of 521 (1.3%) pigeons (Colombia livia) were seropositive. 
Twelve (2.3%) of the 514 birds from the metropolitan area were 
seropositive, and 5 (3.6%) of the l39 birds from rural areas were 
seropositive (P = 0.37). Seroprevalences in pigeons varied in the 
geographical regions studied. Three (1.2%) of 249 pigeons captured 
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TABLE I. Prevalence of Toxoplasma gondii in wild birds from Durango, Mexico. 
Species No. tested No. positive 1:25 
Barn owl (Tyto alba) 0 0 
Black vulture (Coragyps atratus) 19 0 0 
Cattle egret (Bubulcus ibis) I 0 0 
Curve-billed thrashers (Toxostoma 
curvirostre) 2 0 
Mallard duck (Anas platyrhynchos) 2 0 
Mexican duck (Anas diazi) 2 0 
Eagle (Aquila spp.) 2 0 
Great-tailed grackle 
(Quiscalus mexicanus) 18 5 2 
Red-tailed hawk (Buteo jamaicensis) 0 0 
Inca dove (Scardafella inca) 15 0 0 
Black-crowned night heron 
(Nycticorax nycticorax) 0 0 
Night owl (Bubo virginianus) 0 0 
Rock pigeon (Columba livia) 521 7 4 
White-winged pigeon 
(Zenaida asiatica) 10 0 0 
Quail (Coturnix coturnix) 7 I 0 
Raven (Corvus corax) 2 0 0 
Sparrow (Passer domesticus) 2 0 0 
Turkey (Meleagris gallopavo) 16 0 0 
Turkey vulture (Cathartes aura) 30 0 0 
All 653 17 6 
in the garbage transfer center were seropositive, whereas 4 (9.3%) of 
43 pigeons captured in the park just outside the zoo were 
seropositive. No exposed pigeons were found among the 153 
captured in other places in the metropolitan area or in 76 pigeons 
captured in rural areas. The seroprevalence found in the pigeons of 
the park close to the zoo was significantly higher than that found in 
other locations (P = 0.001). Of all 653 birds studied, the 
seroprevalence of T. gondii infection close to the zoo (11.6%, 8/69) 
was significantly higher than that found in birds captured at other 
sites (1.5%, 9/584, OR = 8.38; 95% CI: 2.82~24.77, P = 0.0001). 
Toxoplasma gondii was isolated from 1 pigeon (designated 
TgPigeonMxl) with an MAT titer of 1:400. The 2 KO mice 
inoculated with homogenate of brain and heart of the pigeon 
developed acute toxoplasmosis, and tachyzoites were found in 
lungs of I mouse that died 21 days PI and 1 killed 26 day PI. 
Tachyzoites were grown successfully in cell cultures seeded with 
No. of birds with MAT titers of: No. No. positive 
1:50 1:100 1:200 1:400 1:800 bioassayed in bioassay 
0 0 0 0 0 0 0 
0 0 0 0 0 3 0 
0 0 0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
I 0 2 0 0 5 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 I I 9' 
0 0 0 0 0 0 0 
0 0 I 0 0 I 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 
5 I 3 I I 23 4 
lung homogenate of infected mice. The 3 SW mice inoculated with 
pigeon tissues remained asymptomatic, and T. gondii tissue cysts 
(in brain squashes) and antibodies (MAT, in I :25 dilution of 
serum) were found in 2 of the 3 mice. Genetic typing revealed that 
the pigeon isolate of T. gondii was atypical (Table II). 
DISCUSSION 
Worldwide seroprevalences of T. gondii in birds, including 
various species of pigeons, were summarized by Dubey (2010). 
Since then, seroprevalences in pigeons reported include 8.7% of 
275 birds in the People's Republic of China (Yan et aI., 2011), 
4.0% in 495 from Israel (Salant et aI., 2009), 4.6% of 695 from 
Portugal (Waap et aI., 2008), and 5.0% of 238 from Brazil (de 
Lima et aI., 2011). With respect to North America, T. gondii 
antibodies were found in 3.8% of 129 pigeons from Colorado 
TABLE II. Genetic characterization of the pigeon isolate of T gondii from Mexico. 
PCR-RFLP markers 
5'+3' 
Genotype SAGI SAG2 alt.SAG2 SAG3 BTUB GRA6 c22-8 c29-2 L358 PKI Apico Isolate designation 
Type I I I I I RH 
Type II HorIII II II II II II II II II II II PTG 
Type III IIorIII III III III III III III III III III III CTG 
Reference I II II III II II II u-I u-2 TgCgCal (cougar) 
Reference u-l I II III III III u-I I III MAS 
Reference I III III III III III I I I u-I TgCatBr5 
Present study u-l II II III III II II III II II TgPigeonMxl 
(Dubey et ai., 2010). It is noteworthy that in the present study, 
T. gondii seroprevalence in pigeons from Durango (Mexico) was 
lowest (1.3%) among the surveys listed above. 
In the present study, birds captured near the city zoo had a higher 
seroprevalence of T. gondii infection than birds obtained from other 
areas of Durango. This fmding suggests that infected birds might 
have acquired infection from contaminated soil or food in the zoo, 
or its surroundings. The zoo holds numerous felids, including lions, 
cougars, ajaguar, a tiger, and a bobcat. In addition, it raises concern 
about the risk of T. gondii infection also for humans visiting the zoo 
or its surroundings. Moreover, prevalence of T. gondii in pigeons is 
of special interest because pigeons are hunted and consumed by 
humans frequently in rural Durango. 
Before the development of molecular typing, T. gondii strains 
were classified as virulent or avirulent, based on data in mice. 
Most T. gondii isolates from human and animal sources in North 
America and Europe have been grouped into 1 of 3 clonal 
lineages, i.e., including Types I, II, and III (Darde et ai., 1992; 
Howe and Sibley, 1995; Ajzenberg, Bafiuls et ai., 2002; Ajzenberg, 
Cogne et ai., 2002). Recently, a fourth clonal type (haplogroup 
12) was discovered, with a predominance in wildlife (Khan et ai., 
2011). Historically, T. gondii was considered to be clonal, with low 
genetic diversity (Darde, et ai., 1992; Howe and Sibley, 1995; 
Ajtenberg, Bafiuls et ai., 2002; Ajzenberg, Cogne et ai., 2002; 
Ajzenberg et ai., 2004; Aubert et ai., 2010). However, T. gondii 
isolates from Brazil are biologically and genetically different from 
those in North America and Europe (Lehmann et ai., 2006; Pena 
et ai., 2008; Dubey and Su, 2009). 
Although T. gondii infections are common, clinical signs of 
disease are rare. It is unknown whether the severity of 
toxoplasmosis in immunocompetent hosts is due to the parasite 
strain, host variability, or other factors. Recently attention has 
been focused on the genetic variability among T. gondii isolates 
from apparently healthy and sick hosts (Grigg and Sundar, 2009). 
Severe cases of toxoplasmosis have been reported in immuno-
competent patients in association with atypical T. gondii 
genotypes (Ajzenberg et ai., 2004; Demar et ai., 2007; Elbez-
Rubinstein et ai., 2009; Vaudaux et ai., 2010). 
Little is known of the genetic typing of T. gondii isolates from 
wild birds, and pigeons in particular. Waap et ai. (2008) genotyped 
T. gondii DNA obtained directly from the brains of 12 seropositive 
pigeons from Portugal using 5 microsatellites (TUB2, W35, TgM-
A, B 18, and B 17); 9 strains were Type II, 2 were Type III, and 1 was 
Type I. The isolate of T. gondii from pigeons in Mexico was 
atypical and similar to some of the isolates from domestic animals 
in Durango (Dubey et ai., 2009). Until now, 13 isolates of T. gondii 
from domestic animals (5 cats, 3 dogs, and 5 chickens) in Mexico 
have been genotyped using the PCR-RFLP; all of these isolates 
were atypical (Dubey et ai., 2009). The pigeon isolate (TgPi-
geonMxl) is the first genotyped from a wild animal and it is 
identical to 4 T. gondii isolates from domestic cats in Durango, 
Mexico. Review of genetic data indicate that the pigeon isolate has 
also been found in chickens from Brazil (Dubey, Sundar et ai., 
2007), domestic cats and pigs from the People's Republic of China 
(Dubey, Zhu et ai., 2007; Zhou et ai., 2010), domestic dogs from 
Colombia, Sri Lanka, and Vietnam (Dubey, Cortes-Vecino et ai., 
2007; Dubey, Huong et ai., 2007; Dubey, Rajapakse et ai., 2007), 
and sheep from the United States (Dubey et ai., 2008), indicating 
pandemic distribution. We are not aware of genetic typing of any T. 
gondii isolate from humans in Mexico. 
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TLR4 PROMOTES CRYPTOSPORIDIUM PARVUM CLEARANCE IN A MOUSE MODEL OF 
BILIARY CRYPTOSPORIDIOSIS 
Steven P. O'Hara, Pamela S. Tietz Bogert, Christy E. Trussoni, Xianming Chen*, and Nicholas F. LaRussot 
Center for Basic Research in Digestive Diseases, Division of Gastroenterology and Hepatology, and the Mayo Clinic Center for Cell Signaling, 
Mayo Clinic, Rochester, Minnesota 55905. e-mail: /arusso.nicho/as@mayo.edu 
ABSTRACT: Cholangiocytes, the epithelial cells lining intrahepatic bile ducts, express multiple toll-like receptors (TLRs) and, thus, 
have the capacity to recognize and respond to microbial pathogens. In previous work, we demonstrated that TLR4, which is activated 
by gram-negative lipopolysaccharide (LPS), is upregulated in cholangiocytes in response to infection with Cryplosporidium parvum in 
vitro and contributes to nuclear factor-kappaB (NF-kB) activation. Here, using an in vivo model of biliary cryptosporidiosis, we 
addressed the functional role of TLR4 in C. parvum infection dynamics and hepatobiliary pathophysiology. We observed that C57BL 
mice clear the infection by 3 wk post-infection (PI). In contrast, parasites were detected in bile and stool in TLR4-deficient mice at 4 wk 
PI. The liver enzymes alanine transaminase (ALT) and aspartate transaminase (AST), and the proinflammatory cytokines tumor 
necrosis factor (TNF)-cx, interferon (IFN)-y, and interleukin (IL)-6 peaked at I to 2 wk PI and normalized by 4 wk in infected C57BL 
mice. C57BL mice also demonstrated increased cholangiocyte proliferation (PCNA staining) at I wk PI that was resolved by 2 wk PI. 
In contrast, TLR4-deficient mice showed persistently elevated serum ALT and AST, elevated hepatic IL-6 levels, and histological 
evidence of hepatocyte necrosis, increased inflammatory cell infiltration, and cholangiocyte proliferation through 4 wk PI. These data 
suggest that a TLR4-mediated response is required for efficient eradication of biliary C. parvum infection in vivo, and lack of this 
pattern-recognition receptor contributes to an altered inflammatory response and an increase in hepatobiliary pathology. 
Cholangiocytes, the intrahepatic biliary epithelial cells, have 
been increasingly recognized as significant contributors to the 
hepatobiliary innate immune response. While bile is considered a 
sterile environment, cholangiocytes are subjected to insult by 
potentially pathogenic microorganisms or bioactive molecules 
derived from pathogenic microorganisms, e.g., LPS, that directly 
ascend into the biliary tract through the duodenum or, alter-
natively, are brought from sites of primary infection via the portal 
vein (Sung et aI., 1992). Therefore, cholangiocyte recognition and 
response to microorganisms is a crucial first line of defense 
against invading pathogens in the intrahepatic bile ducts. Upon 
pathogen recognition, cholangiocytes secrete and respond to 
cytokines and chemokines (Lazaridis et aI., 2004; Selmi et aI., 
2007) and release antimicrobial peptides such as beta-defensins 
(Harada et aI., 2004; Chen et aI., 2005). Additionally, cholangio-
cytes interact with professional immune cells and may serve as 
antigen-presenting cells (Morita et aI., 1994; Scholz et aI., 1997; 
Cruickshank et aI., 1998). Therefore, cholangiocytes are at the 
interface between exogenous, potentially pathogenic insults and 
the host immune system. The precise mechanisms and patho-
physiological consequences of cholangiocyte responses to micro-
bial pathogens are not fully understood. 
The protozoan parasite, Cryptosporidium parvum, is a causative 
agent of zoonotic human cryptosporidiosis. An apicomplexan, 
C. parvum is spread via a fecal-oral route by ingestion of oocysts. 
Once ingested, C. parvum oocysts excyst in the gastrointestinal 
tract to release 4 sporozoites that invade the apical domain of 
epithelial cells and form a parasitophorous vacuole in which the 
organism remains intracellular but extracytoplasmic. Although a 
predominantly intestinal pathogen, these parasites also infect 
cholangiocytes of immunocompromised individuals, causing a 
potentially life-threatening disease in patients with AIDS or 
individuals with hyper-IgM syndrome (Chen et aI., 2002). Various 
animal models of cryptosporidiosis have provided insight into the 
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host response to intestinal infection, yet our knowledge of biliary 
cryptosporidiosis is restricted primarily to cell culture models. 
Wild-type (WT) mice are usually resistant to disease when 
C. parvum oocysts are given via oral inoculation, and biliary infec-
tion has not been observed in any immunocompetent animals. 
Persistent C. parvum infection has been observed in MyD88- and 
IFN-y-deficient mice as well as in severe combined immunode-
ficient (SCID) mice (McDonald et aI., 1992; Theodos et aI., 1997; 
Lacroix et aI., 2001). Furthermore, biliary infection by C. parvum 
has been reported in animal models using TNF-cx-deficient and 
IFN-y knockout (KO) mice, or in SCID mice with the injection of 
IFN-y antibodies (Stephens et aI., 1999; Campbell et aI., 2002; 
Ponnuraj and Hayward, 2002). However, biliary tract involve-
ment in those models occurs only in a portion of the animals with 
intestinal cryptosporidiosis and only with chronic infection. Both 
human and murine models of cryptosporidiosis indicate that 
CD4+ T-cells playa critical role in the immune response to infec-
tion (Chen et aI., 1993). While acquired resistance to cryptospor-
idial infection requires T-cells with the cxJ~ type T-cell receptor 
(Waters and Harp, 1996), it is proposed that TLR-mediated 
innate immune responses by epithelial cells are critical to the 
initiation and regulation of host anti-C. parvum defense. Early 
studies demonstrated that c. parvum infection of intestinal epithe-
lial cells correlates with the activation of NF-lCB target genes 
(Laurent et aI., 1997, 1998; Seydel et aI., 1998). Indeed, the 
invasion of intestinal and biliary epithelial cells by C. parvum in 
vitro activates TLR4/MyD88INF-kB signaling, resulting in the 
production and secretion of various cytokines and chemokines. 
These include IL-8 and IL-6 (Laurent et aI., 1997; Chen et aI., 
2001), PGE2, which stimulates mucin production (Laurent et aI., 
1998), and anti-microbial peptides, e.g., ~-defensins, which can 
kill C. parvum or inhibit parasite growth (Chen et aI., 2005). These 
responses not only provide the first and rapid defense against the 
pathogen but also mobilize immune effector cells to the infection 
site to activate the adaptive immune response. 
We previously demonstrated that c. parvum infection induces 
TLR-dependent NF-kB activation in cultured human cholangio-
cytes. Furthermore, we demonstrated that C. parvum infection 
increases TLR4 protein expression in cholangiocytes (Chen et aI., 
2007). In the current study, we address the role ofTLR4 in murine 
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biliary cryptosporidiosis in vivo by utilizing an approach of direct 
gallbladder injection of C. parvum oocysts. We demonstrate that 
TLR4-deficient mice display more persistent biliary cryptosporid-
iosis and fecal oocyst shedding while the WT C57BL mice cleared 
the infection by 3 wk post-infection (PI). In addition to the pro-
longed presence of parasites in the stool and bile, mice deficient in 
TLR4 had a deficient INFy and a prolonged TNFIX response, 
cytokines that others have shown are elevated in murine models of 
intestinal infection and are essential for eradication, and that may 
have protective roles against this parasite, respectively. Interest-
ingly, C57BL mice exhibited a transient increase in IL-6, a known 
proinflammatory cytokine implicated in a variety of liver path-
ologies, while TLR4-deficient mice exhibited persistent IL-6 eleva-
tion. Moreover, TLR4-deficient mice exhibited persistent elevation 
of serum aspartate transaminase (AST), and alanine transaminase 
(AL T), persistent portal tract inflammation, and increased 
cholangiocyte proliferation. In all, we demonstrate a requirement 
of TLR4 in the efficient eradication of C. parvum from the biliary 
tract, while lack of this receptor promotes an overwhelming and 
destructive biliary proinflammatory response. 
MATERIALS AND METHODS 
Parasites 
Cryptosporidium parvum oocysts of the Iowa strain were purchased from 
a commercial source (Bunch Grass Farm, Deary, Idaho). An oocyst 
excystation assay was performed to determine parasite viability prior to 
infection (Campbell et aI., 1992). Briefly, oocysts were treated with 1% 
sodium hypochlorite on ice for 20 min and then subjected to an 
excystation solution consisting of 0.75% taurodeoxycholate and 0.25% 
trypsin for 30 min at 37 C. Excystation efficiency ([empty oocysts/total 
oocysts] X 100) was greater than 90% within 30 min. 
Mice and infection 
Control C57BLl6 and TLR4-deficient (C57BLlIOScNJ; Tlr41ps-dell 
Tlr41ps-del) genotypes were obtained from the Jackson Laboratory (Bar 
Harbor, Maine) and housed in the animal care facilities located on 
the Mayo Clinic-Rochester campus, which is fully accredited by the 
Association for Assessment and Accreditation of Laboratory Animal 
Care International. The protocol for infection and killing of mice was 
approved by the Mayo Clinic Institutional Animal Care and Use 
Committee according to National Institute of Health guidelines. The in 
vivo induction of biliary cryptosporidiosis used in these mice was 
previously published (Verdon et aI., 1998). Briefly, C. parvum oocysts 
were treated on ice with a 10% bleach solution, washed twice with 
phosphate-buffered saline (PBS), and counted using a hemocytometer. 
The final concentration was adjusted to 200,000 oocysts per 25 III PBS, 
which was directly injected into the gallbladder of 20 WT C57BL and 
20 TLR4-deficient mice through a small abdominal incision. Mice were 
killed by exsanguination at 0, 1, 2, 3, and 4 wk PI time points. Livers 
were initially perfused with a 0.9% sodium chloride solution, and small 
pieces (approximately I g) were removed and placed in PBS containing 
Complete® Mini protease inhibitors (Roche Applied Science, Indianap-
olis, Indiana) for protein analysis. The remaining liver was then placed 
in a 4% paraformaldehyde solution to preserve liver samples for paraffin 
embedding, histological sectioning, and hematoxylin and eosin (H&E) 
staining, which was performed by the Mayo Clinic histology laboratory. 
Serum samples were also obtained and sent to the Department of 
Laboratory Medicine and Pathology at Mayo Clinic-Rochester for 
analysis of serum chemistries, where enzyme activities for alkaline 
phosphatase, AST and AL T were determined using standard enzyme 
kinetic analyses. 
Histology 
For each time point, 5 WT and TLR4-deficient mice were euthanized by 
exsanguination and livers were removed for histological analysis. The 
tissues were processed as above and 4-1!ffi sections were stained with H&E. 
Individual bile ducts were identified in each histological section and 
parasite burden in the biliary tree was performed by counting all intra-
cellular parasite stages, using a x63 oil immersion objective, in identified 
bile ducts (minimum of IO/mo.use section). To normalize the data, the total 
number of cholangiocytes was counted and the data are presented as the 
total number of intracellular parasites per 100 cholangiocytes. 
Quantification of oocyst shedding 
Stool samples were collected from each WT C57BL and TLR4-deficient 
mouse for each time point. Two g of fresh stool was resuspended in 1 ml 
PBS and homogenized. One hundred microliters of the homogenized stool 
samples (0.2 g of stool) were smeared onto slides and allowed to dry. The 
slides were then methanol-fixed and stained in carbol fuscin for 5 min. The 
slides were washed in PBS, decolorized in I % acid alcohol for 30 sec, 
washed again, and counterstained in methyl blue for 30 sec. Slides were 
then analyzed by light microscopy using a x40 objective. The number of 
oocysts per 40 randomly selected microscopic fields was determined for 
each mouse sample and is presented as total number of oocysts per 40 
fields per mouse at each time point. 
Immunofluorescent detection of C. parvum in bile 
Bile was obtained from gallbladders removed from WT C57BL and 
TLR4-deficient mice as follows. Intact gallbladders were placed in micro-
centrifuge tubes containing 100 III of PBS plus Complete Mini protease 
inhibitor cocktail (Roche Applied Science). The samples were sonicated 
for 30 sec and allowed to rest on ice for I min. This was repeated 3 times. 
Sonicated bile samples were added to cytospin slides fitted with cardboard 
filters and centrifuged in a Shandon cytospin at 100 g for 5 min. The slides 
were allowed to dry, subsequently fixed in methanol, and incubated with a 
rabbit monoclonal antibody to the C. parvum Cp2 protein (O'Hara et aI., 
2004) for 1 hr. The slides were washed and incubated with a goat anti-
rabbit alexa fluor 488 antibody (Invitrogen, Carlsbad, California) for 1 hr. 
Immunofluorescence microscopy was performed to determine the presence 
or absence of parasites in each sample. 
Protein isolation and ELISA 
To extract protein, liver samples were placed in sterile PBS containing 
Complete Mini protease inhibitors (Roche Applied Science) and subjected 
to sonication for 30 sec followed by resting on ice for I min. This was 
repeated 4 times, samples were centrifuged, and the cleared supernatant 
was transferred to a new tube. The expression of mouse TNFIlt, INFy, and 
IL-6 protein levels were analyzed by ELISA. Total protein concentra-
tion was determined using Bradford reagent (Sigma-Aldrich, St. Louis, 
Missouri), and 50 Ilg protein were added to 96-well plates containing 
capture antibodies specific to mouse TNFIlt (Alpha Diagnostics, San 
Antonio, Texas), INFy (Abcam, Cambridge, Massachusetts), and IL-6 
(R&D Systems, Minneapolis, Minnesota), or to human IL-6 (R&D 
Systems). The plates were incubated for 1 hr at room temperature, 
washed, and then incubated with the appropriate secondary antibody for 
I hr at room temperature. Plates were washed again and a substrate 
solution was added to each well and incubated for 30 min. After 
incubation with substrate solution, a stop solution was added to each well 
and the plates were read at 450 nm (reference filter: 630 nm). 
H69 cell line and C. parvum in vitro infection 
H69 cells are SV40-transformed normal human cholangiocytes originally 
derived from normal liver harvested for transplant. These cholangiocytes 
continue to express biliary epithelial cell markers, including cytokeratin 19, y-
glutamyl transpeptidase, and ion transporters consistent with biliary function 
and have been extensively characterized (Grubman et al., 1994). Cryptospo-
ridium parvum oocysts of the Iowa strain were purchased from a commercial 
source (Bunch Grass Farm). Oocysts were excysted to release infective 
sporozoites as previously described (O'Hara et aI., 2009), and H69 cells were 
infected with a 1:1 ratio of sporozoite:cell. H69 cells were transfected with a 
TLR4-dominant negative (DN) plasmid using Fugene HD transfection 
reagent (Roche Applied Science) following the manufacturer's protocol. 
Stably transfected cells were selected with 2 1lg/1l1 of G418 sulfate 
(CellGro, Manassas, Virginia) to culture media, and selected cells were 
maintained in culture media containing 1 1lg/1l1 G418 sulfate. TLR4-DN 
plasmids are kinase-inactive dominant negative mutants of TLR4. Normal 
H69 and H69 cells stably transfected with TLR4-DN cells were grown in 
6-well plates and cultured in the presence or absence of C. parvum for 4, 
12, or 24 hr. After each time point, cells were washed twice with PBS and 
treated with M-PER (Pierce, Rockford, Illinois) containing Complete 
Mini protease inhibitors. 
Proliferating cell nuclear antigen (peNA) staining 
PCNA staining was performed on slides containing paraffin-embedded 
liver sections from WT C57BL and TLR4-deficient mice. Paraffin sections 
were deparaffinized twice for 15 min in 100% xylene and hydrated by 
washing in increasing ethanol dilutions. The slides were subjected to 
boiling in citrate-based antigen unmasking solution (Vector Laboratories, 
Burlingame, California) for 30 min and allowed to cool to room 
temperature for 20 min. Slides were incubated in a blocking solution 
(I % bovine serum albumin, 5% goat serum in PBS) and then incubated 
with a rabbit polyclonal antibody against PCNA (Abcam) for I hr at 
room temperature. Slides were then washed, incubated with a goat anti-
rabbit alexa fluor 488 secondary antibody (Invitrogen) for I hr at room 
temperature, and then analyzed by confocal microscopy for the presence 
of PCNA-positive cholangiocytes. 
Statistical analYSis 
All values are given as mean ± SE. Means of groups were compared 
with Student's (-test (unpaired) or ANOVA test when appropriate. p-
values <0.05 were considered statistically significant. 
RESULTS 
TLR4-deficient mice were inefficient at clearing 
C. parvum infection 
WT and TLR4-deficient C57BL mice were infected by direct 
injection of C. parvum oocysts into the gall bladder. H&E staining of 
liver samples was performed to confrrrn infection of the biliary 
epithelium (Fig. lA-D). WT mice showed presence of C. parvum 
parasites in the intrahepatic bile ducts at week 1 PI (Fig. lA) but no 
parasites were detected by week 4 PI (Fig. IC). In TLR4-deficient 
mice, parasites were detected in the intrahepatic bile ducts at week I 
PI (Fig. IB); however, parasites were also observed on the apical 
surface of cholangiocytes through 4 wk PI (Fig. ID). Quantitative 
analysis of parasites identified in H&E-stained sections (number of 
identifiable infection sites/I 00 cells) in WT and TLR4-deficient mice, 
at weeks 1 and 4 PI, showed significantly greater parasite burden in 
TLR4-deficient mice compared to WT mice (Fig. IE). The course of 
infection was also monitored by quantifying oocyst shedding in the 
stool ofWT and TLR4-deficient mice (Fig. IF). WT mice exhibited 
a greater number of oocysts shed at 1 wk PI, with a significant drop 
in oocyst shedding at week 2; by the third week PI, oocysts were 
undetected in stool samples. Conversely, stool samples from TLR4-
deficient mice showed an increase in oocyst shedding from weeks I 
to 4 PI, with a significantly greater number of oocysts shed at weeks 
2, 3, and 4 compared to WT mice (Fig. IF). To further assess the 
presence of C. parvum in the biliary tree, immunofluorescence for the 
parasite was performed on bile obtained from infected mice. C. 
parvum was detected in the bile ofTLR4-deficient mice from week 1 
through week 4 PI, while no parasites were detected at 3 or 4 wk PI in 
the WT animals (data not shown). 
TLR4-deficient mice exhibit an altered proinflammatory 
cytokine response following C. parvum biliary infection 
Given that TLR4 aggregates at sites of C. parvum internaliza-
tion and contributes to NF-KB activation in infected cultured 
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cholangiocytes, we addressed whether the lack ofTLR4 alters the 
hepatic proinflamrnatory response. Protein levels of proinflam-
matory cytokines INFy, TNFa., and IL-6 were analyzed in WT 
and TLR4-deficient mice from 0 to 4 wk PI in homogenized 
infected livers. Protein levels of INFy were slightly elevated in 
infected WT mice and peaked at week I PI (P < 0.05) but 
returned to pre-infection (0 wk) levels by week 2 (Fig. 2A). Con-
versely, INFy in TLR4-deficient mice did not increase signifi-
cantly at any time point (Fig. 2A). TNFa. protein levels in the 
livers of WT mice peaked 2 wk PI (P < 0.05) and, by week 3 PI, 
were not significantly different from pre-infection levels. Howev-
er, TNFa. expression in the liver of TLR4-deficient mice was 
significantly elevated compared to the pre-infected mice by 3 wk 
PI and remained elevated to week 4 PI (Fig. 2B). 
We next addressed the expression of IL-6, a proinflamrnatory 
cytokine associated with hepatobiliary diseases (Demetris et aI., 
2006). Hepatic IL-6 levels in C57BL mice peaked at week 1 PI 
(P < 0.05) and decreased thereafter to levels similar to those seen 
in the pre-infected mice (Fig. 2C). Interestingly, in TLR4-deficient 
mice, IL-6 protein levels peaked 1 wk PI and remained elevated 
through week 4 PI. Overall, levels of IL-6 were significantly 
greater in TLR4 KO mice at weeks 1, 3, and 4 PI compared to WT 
mice at these same time points (Fig. 2C), showing a greater 
disparity between the TLR4-deficient and WT mice for this 
proinflamrnatory cytokine compared to that observed for INFy 
and TNFa.. Given that cholangiocytes secrete and respond to 
IL-6, we asked whether TLR4 deficiency in cultured human 
cholangiocytes resulted in increased IL-6 expression following 
C. parvum infection. H69 cells, an SV 40-transformed cholangiocyte 
cell line originally obtained from a normal human liver harvested 
for transplant (Grubman et aI., 1994), and H69 cells stably trans-
fected with a plasmid expressing a kinase dead TLR4-DN, were 
infected with C. parvum for 4, 12, and 24 hr, and IL-6 present in the 
culture media was measured by ELISA (Fig. 2D). While IL-61evels 
in infected H69 cells peaked 4 hr PI and diminished by 12 hr PI, 
IL-6 levels in infected TLR4-DN cells peaked at 12 hr PI and 
remained elevated throughout the 24-hr period (Fig. 2D). 
TLR4-deficient mice exhibit elevated serum liver enzymes 
following C. parvum infection 
We next addressed whether TLR4-deficient mice exhibited 
altered serum liver enzyme biochemistries compared to the WT 
C57BL mice. Alkaline phosphatase, AST, and ALT activities 
were analyzed from serum samples taken from C57BL and TLR4-
deficient mice at 0, 1, 2, 3, and 4 wk PI (Fig. 3). High levels of 
serum alkaline phosphatase are frequently associated with 
inflamed bile ducts or cholestasis, while elevated AST and AL T 
could indicate liver injury or damage. Alkaline phosphatase acti-
vity, while remaining at a similar level in C57BL mice, was 
slightly, but significantly, elevated in TLR4-deficient mice at 1 wk 
PI and decreased thereafter (Fig. 3A). AST activity peaked at 2 wk 
PI for both WT and TLR4-deficient mice. However, serum AST 
decreased in C57BL mice by 3 wk PI. In contrast, the TLR4-
deficient mice exhibited elevated AST through 4 wk PI. AST 
levels were significantly higher in TLR4-deficient mice at week 4 
PI compared to WT mice at this same time point (Fig. 3B). AL T 
levels also peaked at week 2 PI for both WT and TLR4-deficient 
mice. However, ALT serum levels in WT C57BL mice decreased 
to levels no different than the pre-infected mice by 3 wk PI. 
816 THE JOURNAL OF PARASITOLOGY, VOL 97, NO.5, OCTOBER 2011 
E F 
Stool OocystS/ 
C.parvum 40Xfield 
(per 100 cells) • Wild type 
* 
• TLR4 Deficient 600 ........ WT 
6 ...•... TLR4 Deficient 
400 * ** ~ .......... 4 
.' 
200 ** .... 2 t··· 
*j ...... .. 
0 0 
1 week 4 weeks 1 2 3 4 Weeks 
FIGURE 1. Toll-like receptor 4 (TLR4) knock-out (KO) mice are less efficient at eradicating Cryptosporidium parvum biliary infection. 200,000 
C. parvum oocysts were injected into the gallbladder of wild-type (WT) C57BL or TLR4 KO mice. (A) Cryptosporidium parvum infection in the 
intrahepatic ducts ofWT mice was detected by H&E staining I wk PI. (B) More parasites were found in the intrahepatic ducts ofTLR4 KO mice I wk PI 
compared with WT. (C) Cryptosporidium parvum parasites were not found in the intrahepatic bile ducts in the WT mice 4 wk PI, while parasites were 
detected in TLR4 WT mice (D). Insets in A-D are higher power of the boxed areas showing the parasite (arrowheads). Scale bars = 50 mm. (E) 
Quantitative analysis showing parasite number in the intrahepatic bile ducts in the WT and TLR4 KO mice at I and 4 wk PI. (F) WT and TLR4 KO 
stool samples were stained with carbol fuscin and analyzed by light microscopy. WT mice showed a greater number of oocysts shed in the stool at week I 
PI with a significant drop at week 2. Oocysts were undetected by weeks 3 and 4 PI. Conversely, oocyst shedding was detected in KO mice from week I to 
week 4 PI, indicating persistence of C. pm'vum infection. * P < 0.05; ** P < 0.01 compared to WT. 
Conversely, the TLR4-deficient mice exhibited elevated levels of 
AL T through 4 wk PI. AL T serum levels were significantly higher 
in TLR4-deficient mice at weeks 3 and 4 compared to WT C57BL 
mice (Fig. 3C). 
TLR4-deficient mice exhibit increased portal tract 
inflammation, hepatocellular necrosis, and cholangiocyte 
proliferation following C. parvum infection 
To see if the elevated IL-6, AST, and ALT correlated with 
increased liver pathology, liver histology of H&E stained tissues 
was evaluated (Fig. 4) . C57BL mouse livers exhibited minimal to 
moderate inflammation in the portal region, primarily polymor-
phonuclear leukocytes, at week I PI (Fig. 4A). Mild to moderate 
portal tract inflammation was also observed at 2-3 wk PI, as was 
slight ductular proliferation (not shown). Inflammation levels 
were reduced in C57BL mice by 4 wk PI and histology appeared 
normal (Fig. 4B), which is consistent with the observed cyto-
kine and liver enzyme levels observed in these mice. In contrast, 
H&E-stained liver sections from TLR4-deficient mice exhibited 
moderate to severe inflammation with multifocal necrosis and 
ductular proliferation from weeks I to 4 PI (Fig. 4C, D). These 
observations were in accordance with the high levels of AST and 
AL T in TLR4-deficient mice at week 4 PI, indicating hepato-
cellular liver injury. Given that IL-6 is known to induce 
cholangiocyte proliferation in response to lipopolysaccharide 
(Park et aI. , 1999), and was elevated throughout the course of the 
experiment in TLR4-deficient mice, we examined cholangiocyte 
proliferation using PCNA staining, Liver sections of C57BL 
mice, stained for PCNA, demonstrated a minimally increased 
level of cholangiocyte proliferation at I wk PI (Fig. 5A) and 
minimal proliferation at week 4 (Fig. 5B). In contrast, TLR4-
deficient mice exhibited persistent proliferation from I wk 
through 4 wk PI, consistent with the observed elevated expression 
of IL-6 (Fig. 5C, D). The level of cholangiocyte proliferation was 
quantified by counting the number of PCNA-positive cells per 
bile duct from a minimum of 10 ducts and 3 mice for each group 
(30 ducts minimum). TLR4-deficient mice exhibited increased 
PCNA staining compared to WT controls at both I wk and 4 wk 
PI (Fig. 5E). 
A ........ WT ....... TLR4 Deficient 
2000 *# 
IFNy 
pg/mL 
1500 
or i 
c 60 
IL-6 40 
pg/mL 
20 
0 1 2 3 4 weeks 
........ WT ••••••. TLR4 
* # Deficient 
.. J. .... * * # 
... ..:r. * # .I 
.+ •••••••••• 
~
o-r--.-----,r----.---,.-
o 1 2 3 4weeks 
O'HARA ET AL.-MOUSE MODEL OF BILIARY CRYPTOSPORIDIOSIS 817 
B ........ WT ....... TLR4 500 Deficient 
400 
TNFa 
pg/mL 300 
200 
100 
0 0 1 2 3 4 weeks 
D 
IL-6 
pg/ml 
media 
........ Ctrl ••••••. TLR4 DIN 
5401 Cultured * # 
460 cholangiocytes Ji.. 
7." ~ ~. * # 160 !.,. 
* #.l 
80 .. 
o~------~---24 hours 
FIGURE 2. Analysis of proinflammatory cytokine expression (ELISA) in homogenized livers of C. parvum infected wild-type (WT) (solid lines) and 
toll-like receptor 4 (TLR4)-deficient (dashed lines) C57BL mice. (A) IFNy expression in WT mice peaked at week I PI and was significantly greater than 
pre-infected (0 wk) WT mice (*, P < 0.05) and week 1 PI TLR4-deficient mice (#, P < 0.05). The expression of IFNy in infected TLR4-deficient mice 
was not significantly increased compared to pre-infected TLR4-deficient mice (0 wk). (D) TNFcr expression in WT C57BL mice peaked at week 2 PI and 
was significantly elevated compared to pre-infected C57BL mice (*, P < 0.05). By weeks 3 and 4 PI, the expression ofTNFcr in TLR4-deficient mice was 
significantly greater than pre-infected TLR4-deficient mice (*, P < 0.05). Expression of TNFcr was not significantly different between the WT and 
TLR4-deficient C57BL mice at any time point. (C) IL-6 expression in WT mice peaked I wk PI and was significantly increased compared to pre-infected 
WT mice only at this time point (*, P < 0.05). In contrast, IL-6 expression in TLR4-deficient mice was significantly increased compared to pre-infected 
TLR4-deficient mice at weeks 1-4 PI (*, P < 0.05). Furthermore, IL-6 expression was significantly increased compared to WT C57BL mice at weeks 1, 3, 
and 4 PI (#, P < 0.05). (D) IL-6 was measured by ELISA in infected cultured human cholangiocytes (H69, solid line) and H69 cells stably expressing 
the TLR4-DN (dashed line). IL-6 expression peaked at 4 hr PI in H69 cells and was significantly elevated compared to pre-infected H69 cells (0 hr) 
(*, P < 0.05) and TLR4-DN expressing cells 4 hr PI (#, P < 0.05). IL-6 expression in cells expressing the TLR4-DN peaked at 12 hr PI and was 
significantly elevated compared to pre-infected TLR4-DN-expressing cells (*, P < 0.01) and H69 cells at 12 and 24 hr PI (#, P < 0.01). Values are 
presented as mean ± SE. 
DISCUSSION 
The results of our study provide the first direct evidence that 
TLR4 is required for efficient elimination of C. parvum from the 
biliary tree, and lack of this receptor results in increased hepatic 
injury following infection. Using an in vivo model of biliary 
cryptosporidiosis we demonstrate that: (1) TLR4-deficient C57BL 
mice are less efficient at clearing the parasite from the biliary tree, 
(2) TLR4-deficient mice show an altered proinflammatory cyto-
kine response, particularly with respect to the proinflammatory 
cytokine, IL-6, and (3) TLR4-deficient mice exhibit a more severe 
liver pathology following infection with C. parvum. Our findings 
demonstrate a role for TLR4 in the elimination of C. parvum as 
well as an unexpected protective role for TLR4 in regulating 
proinflammatory cytokine expression. 
TLRs are an evolutionarily conserved family of cell surface 
pattern-recognition proteins that playa key role in host immunity 
through detection of pathogens and the initiation of the innate 
immune response (Takeda et aI., 2003; Akira and Takeda, 2004; 
Modlin and Cheng, 2004). Epithelial cells express TLRs, and 
activation of TLRs triggers an array of epithelial defense 
responses. Using both cultured human cholangiocytes and normal 
human liver, we previously demonstrated that all 10 known TLRs 
are expressed in cholangiocytes (Chen et aI., 2005). Furthermore, 
we found that c. parvum infection induced an increase in TLR4 
protein expression in cholangiocytes and that this molecule accu-
mulates at sites of parasite-host cell interaction (Chen et aI., 2005, 
2007). Having shown that TLR4 is involved in the infection 
dynamics of C. parvum in cholangiocytes in vitro, we were able to 
show, through our current study, that mice lacking TLR4 were 
less efficient at clearing the infection from the biliary tract, as 
evidenced by the persistence of parasites found in bile and on the 
apical membrane oLthe intrahepatic biliary epithelium. Previous 
research has shown that, in the absence of MyD88, an adaptor 
protein involved in most TLR-signaling pathways, mice infected 
with C. parvum had a greater parasite burden in the intestinal 
tract compared to WT mice (Rogers et aI., 2006). Additionally, 
MyD88 deficiency coupled with IFNy inactivation resulted in an 
increase in intestinal parasite burden and inflammation (Rogers 
et aI., 2006). In the present study, we demonstrate a functional 
role for TLR4 in mounting an efficient inflammatory response 
against biliary cryptosporidiosis in mice, resulting in parasite 
clearance and limiting of tissue damage. Indeed, we propose that 
the inability to activate TLR4 is associated with the overexpres-
sion of the proinflammatory cytokine IL-6, which may promote 
liver pathology. 
CD4+ T -cells and INFy play a dominant role during the 
immunological response to murine C. parvum infection. Indeed, 
clearance of C. parvum infection in mice requires CD4+ T-cell 
production of IFNy (Ungar et aI., 1991; Wyatt et aI., 1997; 
Theodos 1998; McDonald et aI., 2000; Gomez Morales et aI., 
2004). The role of the proinflammatory cytokine TNFex during 
C. parvum infection is less clear. This cytokine is increased in the 
intestine following infection of mice (Lacroix et aI., 2001; 
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FIGURE 3. Liver enzyme serum biochemistries. Sera were obtained from 
C. parvum infected wild-type (WT) and toll-like receptor 4 (TLR4)-deficient 
C57BL mice. (A) Serum alkaline phosphatase (Alk Phos) activity in WT 
C57BL mice was not significantly elevated at any time point compared to the 
pre-infected WT mice (0 wk). In contrast, at 1 wk PI, the Alk Phos activity 
of C. parvum-infected TLR4-deficient mice was significantly elevated com-
pared to the pre-infected (0 wk) TLR4-deficient mice. (B) Serum aspartate 
transaminase (AST) activity peaked at week 2 PI for both WT and TLR4-
deficient C57BL mice, reaching significance for the TLR4-deficient mice when 
compared to pre-infected animals (*, P < 0.05). AST diminished in WT 
C57BL mice by week 3 PI but remained significantly elevated in the TLR4-
deficient mice at weeks 3 and 4 PI (*, P < 0.05). In addition, AST activity in 
TLR4-deficient mice was significantly elevated compared to WT mice at the 4-
wk PI time point (#, P < 0.05). (C) Serum alanine transaminase (ALT) levels 
again peaked at week 2 PI for both WT and TLR4-deficient mice and were 
significantly elevated compared to pre-infected mice (*, P < 0.05). In WT 
mice, ALT diminished to pre-infection levels by week 3 PI. In contrast, C. 
parvum-infected TLR4-deficient mice exhibited elevated ALT at weeks 3 and 4 
PI compared to both pre-infected animals (*, P < 0.05) and WT infected mice 
at the same time points (#, P < 0.05). Values are presented as mean ± SE. 
Ehigiator et aI., 2005), and administration of TNFCt. to C57BL6 
IFN-KO mice and reduced oocyst shedding (Lacroix et aI., 2001). 
It is proposed that murine INFy is essential in the initial response 
to the parasite, while TNFCt. may play a protective role and 
contribute to inhibition of parasite development (Lean et aI., 
2006). We demonstrated that hepatic protein expression of IFNy 
and TNFCt. modestly increased over pre-infection levels in C57BL 
mice. In contrast, we demonstrated that TLR4-deficient mice did 
not mount a significant IFNy response throughout the duration 
of the experiment. Furthermore, our results show elevated levels 
of TNFCt. at weeks 3 and 4 PI in the TLR4-deficient mice. Inter-
estingly, TLR4-deficient mice exhibited increased expression of 
the proinflammatory cytokine IL-6 throughout the duration of 
the experiment. Moreover, we also demonstrated increased IL-6 
expression in infected TLR4-DN expressing cultured cholangio-
cytes (H69 cells) compared to untransfected H69 cells in vitro, 
indicating that this receptor may function to regulate IL-6 expres-
sion in these cells. TNFCt. and IL-6 are critically involved in many 
hepatobiliary diseases. It has been proposed that IL-6, which is 
expressed by multiple cell types including epithelial cells, can 
control the balance between T helper (Th) lITh2 differentiation. 
In this early model of ThllTh2 differentiation, IL-6 works by 
both suppressing Thl differentiation by inducing the expression 
of suppressor cytokine signaling I (SOCSI), hence diminishing 
IFNy expression (Diehl et aI., 2000), and by promoting Th2 
differentiation through the upregulation IL-4 expression (Rincon 
et aI., 1997). More recently, IL-6 with concurrent TGF~ expres-
sion has been implicated in the promotion of Thl7 differentiation 
of CD4+ T-cells. Interestingly, Thl7 proinflammatory responses 
have been implicated in several hepatobiliary diseases (Harada 
et aI., 2009; Ye et aI., 2010). While we did not directly address T-
cell differentiation, TLR4-deficient mice, which exhibited persis-
tently elevated IL-6 production, did not express significant levels 
of IFNy. This observation suggests that TLR4 may not only be 
involved in the eradication of C. parvum from the biliary tree, but 
the lack of this receptor may promote proinflammatory T-cell 
differentiation pathways in response to C. parvum (Schnare et aI., 
2001). 
Whereas IL-6 secretion is involved in many aspects of an 
inflammatory and host defense response, excess production of this 
cytokine can be involved in sustaining inflammation and cell 
proliferation. More specifically, IL-6 has been implicated in many 
chronic inflammatory diseases of the liver and may be involved in 
the development of cholangiocarcinoma (Okada et aI., 1994; 
Meng et aI., 2006; Wehbe et aI., 2006). From our study, infection 
of TLR4-deficient mice, which correlates with elevated IL-6 
expression, is associated with severe liver pathology. Evidence of 
this is shown by significantly elevated levels of ALT and AST, 
known indicators of hepatocellular injury, through 4 wk PI in the 
TLR4-deficient mice. Histology and PCNA staining of liver 
samples taken from WT and TLR4-deficient mice provide further 
evidence of the hepatobiliary pathology. H&E staining of C. 
parvum-infected liver tissue from TLR4-deficient mice showed 
moderate to severe portal tract inflammation with hepatocellular 
necrosis, and PCNA staining demonstrated proliferation of biliary 
epithelial cells in these same mice, an indicator of cholestatic 
disease. Cryptosporidium parvum is a lumenal parasite; therefore, 
the hepatocellular injury in this model is likely not the result of 
direct infection. While the precise mechanism of hepatocellular 
injury was not directly addressed, it is possible that the infection 
and associated inflammatory response induced cholestasis, a 
known cause of hepatocellular injury, including necrosis (Trauner 
et aI., 1999). Taken together, we show that a deficiency of TLR4 
results in altered cytokine production and chronic inflammation. 
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FIGUR E 4. Hematoxylin and eosin (H&E) staining of C. parvum-infected wild-type (WT) and toll-like receptor 4 (TLR4)-deficient C57BL mouse 
livers. Top panels show typical staining of WT mouse livers from 1 to 4 wk PI. (A) At 1 wk PI, the livers typically exhibit minimal to moderate 
inflammation with the infiltration of polymorphonucleocytes. Inflammatory cell infiltration remains mild to moderate through 2 and 3 wk PI with some 
cholangitis and grade 2 ductular proliferation. (8) By 4 wk PI, inflammation is reduced to minimal with normal histology. (C) In contrast, H&E staining 
ofTLR4-deficient mouse livers at 1 wk PI demonstrates moderate to severe inflammation with multifocal necrosis and grade 3 ductular proliferation. By 
2 wk PI, mild to moderate inflammation was observed in the portal tracts ofTLR4-deficient mice. (D) By 4 wk PI, severe portal tract inflammation with 
hepatocellular necrosis and grade 2-3 ductular proliferation was observed. Scale bar = 100 mm. 
While our study demonstrates an essential role of TLR4 in the 
efficient eradication of biliary cryptosporidiosis in vivo, and thus 
the maintenance of a protective but not destructive immune 
response, it does not address the mechanisms of how TLR4 
activation clears the infection. We demonstrate that TLR4 is 
required for an efficient IFNy response, yet it is likely that other 
components of the host innate immune response are critical for 
the eradication of C. parvum and are dependent on TLR4 
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FIGUR E 5. CholanglOcyte prolllerauon was assesseo oy prollJerauIlg "t;1l nuclear antigen (PCNA) staining of C. parvum-infected wild-type (WT) (top 
panels) and toll-like receptor 4 (TLR4)-deficient (bottom panels) mice. (A) WT C57BL mice exhibited minimal ductular proliferation at 1 wk PI. (8) By 
4 wk PI, the levels of proliferation decreased to undetectable levels in WT mice. Cryptosporidium parvum-infected TLR4-deficient mouse livers exhibited 
increased levels of cholangiocyte proliferation at 1 wk PI (C) through 4 wk PI (D). (E) The level of cholangiocyte proliferation was quantified by 
counting the number of PCNA-positive cells per bile duct from a minimum of 10 ducts and 3 mice for each group (30 ducts minimum). TLR4-deficient 
mice exhibited increased PCNA staining compared to WT controls at both 1 and 4 wk PI; *, P < 0.01 compared to WT at same time point. 
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signaling. For instance, cholangiocyte expression of human beta 
defensin-2 (HBD2), an antimicrobial peptide, is TLR-dependent, 
and C. parvum infection of cultured H69 cells causes increased 
expression of HBD2 (Chen et aI., 2005). Therefore, it is probable, 
if not likely, that the mouse homologue of hBD2 (mBD3) con-
tributes to the eradication of biliary C. parvum in our mouse 
model and merits further investigation. 
In summary, using a mouse model of C. parvum biliary infec-
tion, we have identified a functional role for TLR4 in the eradi-
cation of the parasite and the regulation of an effective cytokine 
response to infection. It would be of interest to extend these 
studies to identify the mechanism and consequences of TLR4-
dependent regulation of the proinflammatory cytokine IL-6 and 
to determine whether aberrant IL-6 expression alters CD4+ T-cell 
differentiation and ultimately promotes liver pathology. Further-
more, an investigation of the precise mechanism through which 
TLR4 promotes parasite eradication from the biliary tree is 
merited. 
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EFFECTS OF THE HERBICIDE ATRAZINE'S METABOLITES ON HOST SNAIL MORTALITY 
AND PRODUCTION OF TREMATODE CERCARIAE 
Janet Koprivnikar and Patrick A. Walker 
Department of Biology, Brandon University, 270 18th Street, Brandon, Manitoba, Canada R7A 6A9. e-mail: koprivnikarj@brandonu.ca 
ABSTRACT: Environmental stressors have the potential to greatly impact the transmission of parasites with complex, multi-host life 
cycles such as those of trematodes. The commonly used herbicide atrazine has been shown to affect the susceptibility of second 
intermediate hosts (such as larval amphibians) to trematode infection, as well as the longevity and infectivity of the free-swimming 
cercariae, but not eggs or the free-swimming miracidia that infect the gastropod first intermediate hosts. However, we do not know if 
this pesticide influences the survival of infected snails or whether it affects cercariae production within, or emergence from, these hosts. 
In addition, previous studies of host-parasite dynamics have only examined the parent atrazine compound, not any of the long-lasting 
metabolites commonly present in water bodies. Here, we report that a concentration of 0.33 /-lg/L of an atrazine metabolite, desethyl 
atrazine, increased the mortality of freshwater gastropods (Stagnicola elodes) infected with a gymnocephalus type of cercaria but not 
that of uninfected snails or those harboring a mature or dormant infection of Echinoparyphium sp. In contrast, 2 wk of exposure to 
desethyl atrazine did not affect the emergence of gymnocephalus cercariae from snails, although a trend for a decrease in the emergence 
of Echinoparyphium sp. cercariae was observed. We suggest that simultaneous trematode infection and exposure to contaminants may 
represent a significant combined stress to gastropods, but this is likely parasite species-specific as well as dependent on whether 
cercariae are being actively produced. 
There is now a general awareness that environmental factors 
can have significant impacts on host-parasite dynamics. The 
impacts of such factors, from habitat perturbations to contam-
inants, are highly dependent on the species of the parasite, such 
that it is difficult to make many generalizations (Lafferty, 1997; 
Blanar et al., 2009). In addition, understanding the overall impact 
of various abiotic and biotic factors requires the consideration of 
the life cycle and transmission process of the parasite of interest. 
For example, because trematodes have complex life cycles 
requiring multiple hosts, perturbations affecting hosts or parasite 
transmission at any stage of the cycle can impact infection 
patterns in the molluscan first intermediate hosts (Hechinger and 
Lafferty, 2005). Most studies on environmental influences, 
particularly contaminants, focus on the susceptibility of verte-
brate intermediate and final hosts, such as the finding that 
exposure of larval amphibians to the herbicide atrazine results 
in increased trematode infection (Kiesecker, 2002). However, it 
is becoming increasingly recognized that parasites themselves, 
especially free-living infectious stages, may also be quite 
vulnerable to the same environmental factors (Blanar et aI., 2009). 
To understand fully the impacts of contaminants on host-
parasite dynamics, we must consider how they can affect every 
aspect of the parasite life cycle. With respect to contaminants, the 
herbicide atrazine has garnered much attention in recent years, 
as it has been linked to increased trematode infection in larval 
amphibians both experimentally and in field settings (Kiesecker, 
2002; Rohr, Schotthoefer et aI., 2008), particularly since such 
trematodes can cause substantial pathology and mortality 
(Johnson and McKenzie, 2008). These increased infections can 
be attributed to both greater susceptibility of the second 
intermediate hosts and to changes in the periphyton community 
that favor the gastropod first intermediate hosts (Kiesecker, 2002; 
Rohr, Schotthoefer et aI., 2008). However, atrazine can also 
negatively affect the survival and infectivity of some trematode 
cercariae, which may counter increased amphibian susceptibility 
due to high contaminant concentrations and result in no net 
increase in amphibian infection (Koprivnikar, Forbes et aI., 
2007). Because this may not occur at lower concentrations, it has 
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been suggested that the net effect of exposure to environmentally 
realistic levels of such pesticides will elevate amphibian trematode 
infections (Griggs and Belden, 2008; Rohr, Raffel et aI., 2008). In 
addition, atrazine appears to have no demonstrable biologically 
relevant effects on the eggs and miracidia of Echinostoma trivo/vis, 
a common trematode species found encysted within the kidneys of 
larval amphibians (Raffel et aI., 2009). As such, it would appear 
that the overall impact of atrazine on amphibian-trematode 
dynamics is to increase infection in these second intermediate 
hosts, if the majority of the life cycle-transmission pathways 
remain intact (see Fig. 1). 
While examination of atrazine effects on larval amphibian 
trematode infection has certainly brought us closer to under-
standing its net consequences on this particular system, potential 
impacts on the basic number of cercariae that tadpoles may 
encounter have not yet been examined. Such effects could 
conceivably occur in 3 main ways, i.e., increased mortality of 
snails harboring trematode infections such that fewer cercariae 
are present in ponds with atrazine; reduced production of 
cercariae through effects on the asexually reproducing sporocysts 
and rediae within snails; and reduced emergence of cercariae from 
snails. Interestingly, while field studies have linked the presence of 
atrazine to increased trematode infection in larval amphibians 
(Koprivnikar et aI., 2006; Rohr, Schotthoefer et aI., 2008), the 
only field study to examine infection in snails found the opposite 
pattern, i.e., more cercariae emerged from snails collected from 
non-agricultural ponds (Koprivnikar, Baker et aI., 2007). This 
was suggested to result from landscape features that potentially 
impacted site visitation by final hosts, but atrazine effects on 
cercariae production within, or emergence from, gastropod first 
intermediate hosts cannot be ruled out (Koprivnikar, Baker et aI., 
2007). Notably, studies with other contaminants have found a 
reduction in the fitness of cercariae from exposed molluscan hosts 
(Cross et aI., 2001; Morley et aI., 2003) as well as the reduction or 
inhibition of cercariae production (see Morley, 2010 for a review). 
Here, we examine the effects of an atrazine metabolite, desethyl 
atrazine, on the mortality of aquatic gastropods infected, or not, 
with 1 of 2 different trematode species, as well as the emergence of 
cercariae from snails subjected to long-term exposure. Compared 
to other pesticides, atrazine maintains a relatively long-term 
presence under most natural conditions, persisting for 355 days at 
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FIGURE 1. Representative multi-host trematode life cycle illustrating 
transmission pathways-parasite stages potentially vulnerable (Y = yes, 
N = no, ? = unknown) to the effects of the herbicide atrazine and its 
metabolites: (A) Adult trematode in final host, (B) egg, (C) miracidium, 
(D) developing sporocysts-rediae in gastropod first intermediate host, 
(E) cercaria, (F) metacercaria in second intermediate host. 
a pH of 7 in natural light (Solomon et aI., 1996). Notably, its 
metabolites, desethyl atrazine and desisopropyl atrazine, can have 
similar toxicity to the parent atrazine compound (Sanderson et aI., 
2001; Hossain and Filipov, 2008) and are nearly as prevalent in 
the environment (Hildebrandt et aI., 2008) but have not yet been 
studied with respect to host-parasite dynamics. 
MATERIALS AND METHODS 
Parasite use 
Lymnaeid snails (Stagnicola elodes) were locally collected in late 
summer 2010 from a single site. Snails were screened for trematode 
infections by placing them individually in wells of tissue culture plates 
containing 5 ml of dechlorinated water each and placing the plates under 
lamps with incandescent bulbs for 2 hr (see Koprivnikar, Forbes et aI., 
2007). The wells were then examined for emerged cercariae using a 
dissecting microscope. Cercariae were identified using the key in Schell 
(1984) and snails were placed into separate aquaria based on their 
infection status. Those shedding more than I type of cercaria were 
excluded from this study. All snails were screened twice over the course of 
a 3-wk-period, while maintained in 15-L aquaria on a 14:10 light---<iark 
schedule and fed organic spinach ad libitum. After this 3-wk-period, we 
chose to use snails infected with 2 of the most prevalent trematodes, 
Echinoparyphium sp. and an unidentified gymnocephalus type of cercaria, 
as well as snails deemed to be uninfected based on the absence of emerged 
cercariae through the screening process. After emerging from the snail 
host, Echinoparyphium sp. cercariae seek out a suitable invertebrate or 
vertebrate second intermediate host (including larval amphibians) and 
develop into metacercariae. The life cycle is completed after infected 
tadpoles-frogs are ingested by the definitive host (various birds or 
mammals for this species) (Fried, 2001). Gymnocephalus-type cercariae 
without fin-folds typically encyst on inanimate objects (Olson, 1974); 
however, this was not observed here and, as such, the identity of this 
parasite and its life cycle is unknown at present time. 
Experimental solutions 
We employed a 3 X 3 factorial design with 3 categories of host infection 
status (uninfected, Echinoparyphium sp., and gymnocephalus) and 3 
different exposure solutions (control, solvent control, and desethyl 
atrazine). Desethyl atrazine was used in this study because its effects on 
gastropods have not been examined to date, and we desired a compound 
that would normally be persistent in the field, given that long-term host 
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exposure was of interest. We chose a concentration of 0.3 Ilg/L desethyl 
atrazine to reflect the median concentration of 0.35 Ilg/L found in Ontario 
farm wells during a 1991 survey and, thus, what could be expected to be 
found in rural Canadian ground water (Agriculture Canada, 1992). 
Technical grade desethyl atrazine (100 ng/1l1 dissolved in methanol) was 
obtained from Sigma-Aldrich® (St. Louis, Missouri) and diluted by adding 
51 III of the technical grade stock to 17 L of dechlorinated water to reach 
the desired concentration. In addition, a solvent control solution was 
prepared by dilution of analytical-grade methanol (Sigma-Aldrich) with 
dechlorinated water so as to match the concentration of methanol within 
the desethyl atrazine solution. The technical grade formulation of desethyl 
atrazine used was 10% desethyl atrazine by volume and, therefore, 90% 
methanol by volume. As such, our 17 L of 0.3 Ilg/L desethyl atrazine 
solution contained 45.9 III of methanol and the solvent control was then 
made by adding this same amount of methanol to 17 L of dechlorinated 
water for a concentration of 2.7 Ilg/L of methanol. The control consisted 
of dechlorinated water only. The actual concentration of the desethyl 
atrazine solution was found to be 0.33 Ilg/L after analysis by the 
Laboratory Services Division at the University of Guelph, Guelph, 
Ontario, Canada. 
Once the number of snails characterized by infection status was 
determined, we allocated them among the 3 exposure solutions such that 
there were 15 snails infected with Echinoparyphium sp., 15 infected with 
the gymnocephalus type of cercaria, and 22 uninfected snails per solution. 
We labeled 200-ml plastic sample cups from 1-156, placed them on a 
gridded workbench, and then assigned each position into treatment and 
replicate using a random number generator. 
Snail mortality and cercariae production 
A baseline count of cercariae emergence from infected hosts was 
performed on day 0 of the experiment. To do so, both infected and 
uninfected snails were placed under lamps to induce parasite emergence in 
a manner similar to that described above, but this lasted for only I hr in 
this case and for the duration of the study period. The plates of both 
infected and uninfected snails were then examined for emerged cercariae, 
which were counted if present. Snails were then placed in 100 ml of their 
respective exposure solution in their pre-assigned position on the 
workbench. Over the course of the following 4 wk, 4 additional counts 
of cercariae emergence were performed. The first of such counts was 
performed I wk from the baseline count with subsequent counts also done 
I wk apart. On count days, all snails were placed under lamps while in 
tissue culture plates containing 5 ml of dechlorinated water per well, with 
snails assigned randomly to wells and plates. During this time, the snail 
cups were rinsed with dechlorinated water and the exposure solution was 
replaced. Snails were fed organic spinach twice a week throughout the 
experiment (approximafely 0.1 g/wk) and maintained on a 14:10 light-
dark cycle at 20 C. 
Snail mortality was recorded daily. Those categorized as being uninfected 
were frozen and later dissected to confirm their infection status. In addition, 
length measurements of infected snails were taken upon death--conclusion 
of the study as a means of ensuring the equal distribution of snail size and, 
thus, potential cercariae production throughout the treatments. Dates of 
death were recorded until the experiment was concluded after 41 days, at 
which time few snails remained and it was judged that further observations 
of cercariae emergence were not useful due to the small sample sizes. All 
remaining snails categorized as uninfected were dissected at that time. 
Statistical analysis 
We found that many snails categorized as uninfected with no cercariae 
emerging through both rounds of screening and over the course of the 
observation period were, in fact, harboring an infection by Echinopar-
yphium sp. upon dissection. As such, we created another category with 
respect to infection status-the "dormant infection" snails. These snails 
may represent those with an immature infection, but this is unlikely as 7 wk 
elapsed from the first screening to the end of the experiment, sufficient 
time for a mature infection to develop within the snail (Toledo et aI., 
2007). Instead, given that these snails were collected at the end of the 
summer, it is likely that the rediae had ceased production of cercariae 
before the overwintering of their hosts commenced. However, snails 
initially deemed to be uninfected, from which cercariae did emerge, were 
removed from the study. As such, our end sample sizes differed from the 
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initial design (see Results). Individual snail mortality was determined by 
calculating the percentage of the observation period survived (41 days) 
followed by a square-root transformation to meet the assumption of 
normality. A 2-way analysis of variance (ANOVA) was done to examine 
the effects of infection status and exposure solution, as well as their 
interaction, on snail mortality. This was followed by separate I-way 
ANOV As to determine the effect of exposure solution for snails in each 
infection category, given the relatively small samples sizes in the 2-way 
ANOVA. 
A I-way ANOV A was performed to ensure there were no differences in 
snail length across the 3 different exposure solutions for the Echinopar-
yphium sp. and gymnocephalus-type infected snails, respectively. A similar 
analysis was also performed to make sure there were no differences 
in cercariae emergence among snails assigned to the different solutions 
prior to their exposure by using the log transformed baseline cercariae 
emergence measure (day 0). A repeated measures ANOVA was performed 
using log-transformed cercariae emergence to determine if there was a 
difference over time and across the different exposure solutions after 2 wk 
for the gymnocephalus type and Echinoparyphium sp.-infected snails, 
respectively, as well as after 3 wk for Echinoparyphium sp.-infected snails 
only. In addition, I-way ANOVAs were performed to determine the 
effects of exposure solution on total cercariae production (log-transformed 
total number of cercariae produced after week 2 of the observation period 
for both trematode species and also after week 3 for the Echinoparyphium 
sp.-infected snails only). All analyses were performed using SPSS 18.0 
(SPSS Inc., Chicago, Illinois). 
RESULTS 
Overall parasite prevalence 
Throughout the course of the observation period, 18% of snails 
deemed to be "uninfected" via the preliminary screening process 
were found to have cercariae emerge. In addition, 32% of the 
remaining snails deemed to be uninfected were actually harboring 
a dormant form of the Echinoparyphium sp. after dissection. No 
snails were found to have a dormant form of the gymnocephalus-
type infection. This resulted in the following number of snails that 
were retained in each treatment: control = 13 uninfected, 13 with 
Echinoparyphium sp., 5 with dormant Echinoparyphium sp., and 
10 with the gymnocephalus type; solvent control = 11 uninfected, 
14 with Echinoparyphium sp., 6 with dormant Echinoparyphium 
sp., and 12 with the gymnocephalus type; desethyl atrazine = 9 
uninfected, 12 with Echinoparyphium sp., 10 with dormant 
Echinoparyphium sp., and 13 with the gymnocephalus type. 
Snail mortality 
The 2-way ANOV A revealed a significant effect of infection status 
on snail mortality (F3,116 = 6.204, P = 0.001), with Tukey post-hoc 
tests indicating a significant difference between the Echinoparyphium 
sp. and dormant-infection snails (P = 0.002) as well as between the 
gymnocephalus-type and dormant-infection snails (P < 0.001) 
(Fig. 2). Exposure solution did not have a significant overall effect 
(F2,116 = 1.363, P = 0.260), nor was there an overall interaction 
between infection status and solution (F6,116 = 0.561, P = 0.761). 
However, the follow-up I-way ANOVAs conducted for each 
infection status category revealed a significant effect of solution 
for the gymnocephalus-infected snails (F2,32 = 3.856, P = 0.032), 
with Tukey post hoc tests indicating that individuals exposed to 
desethyl atrazine experienced increased mortality compared to their 
control solution counterparts (P = 0.045). There was no significant 
effect of exposure solution for those infected with Echinoparyphium 
sp. (P = 0.942) or for dormant-infection (P = 0.899) and uninfected 
snails (P = 0.945). 
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FIGURE 2. Mean survival (untransformed proportion of study period 
survived ±SE) of lymnaeid snails either uninfected (black bars), infected 
with Echinoparyphium sp. cercariae emerging (dark grey bars), infected 
without Echinoparyphium sp. cercariae emerging (light grey bars), or 
infected with a gymnocephalus-type of cercaria emerging (white bars) in 3 
different solutions: control (dechlorinated tap water), methanol solvent 
control (2.7 ~g/L in dechlorinated water), and desethyl atrazine (0.33 ~g/L 
in dechlorinated water). 
Cercariae emergence 
There were no significant differences in snail length among 
exposure solutions for both Echinoparyphium sp.-infected 
(F2,27 = 1.613, P = 0.218) and gymnocephalus-infected snails 
(F2,25 = 0.111, P = 0.896). In addition, there were no differences 
in baseline cercariae emergence among solutions for both those 
infected with Echilioparyphium sp. (F2,36 = 0.450, P = 0.641) and 
the gymnocephalus type (F2,32 = 2.878, P = 0.071). 
The repeated measures ANOV A for Echinoparyphium-infected 
snails revealed no significant effects of time (Wilks' /... = 0.966, 
F2,19 = 0.344, P = 0.720) or solution (F2,20 = 0.567, P = 0.576) on 
the number of cercariae emerged, nor was there a significant 
interaction between time and solution (Wilks' /... = 0.867, F4,38 = 
0.701, P = 0.596) after 2 wk of solution exposure (Fig. 3A). 
Similar results were seen for the snails that remained alive after 
3 wk of solution exposure with no significant effects of time 
(Wilks' /... = 0.644, F3,11 = 2.029, P = 0.168), solution (F2,13 = 
1.05, P = 0.378), or an interaction (Wilks' /... = 0.591, F6,22 = 
1.105, P = 0.391). We found no significant effect of solution with 
respect to total cercariae output after the first 2 wk (F2,20 = 1.060, 
P = 0.365) and 3 wk (F2,13 = 1.844, P = 0.197) of the observation 
period for Echinoparyphium sp.-infected snails, although there 
appeared to be a trend of decreased output in the solvent control 
and desethyl atrazine solutions (Fig. 4A). 
Similarly, the repeated measures ANOV A for gymnocephalus-
infected snails revealed no significant effects of time (Wilks' 
/... = 0.677, F2,14 = 3.337, P = 0.065) or solution (F2,15 = 0.276, 
P = 0.763) on the number of cercariae emerged or a significant 
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FIGURE 3. Mean number of cercariae (untransformed ± SE) emerged from snails after I and 2 wk of exposure to 3 different solutions: control (black 
bars), methanol solvent control (grey bars), and desethyl atrazine (white bars). Emerged cercariae were either of (A) Echinoparyphium sp. or (B) a 
gymnocephalus-type of cercaria. 
interaction between time and solution (Wilks' Iv = 0.713, F4 ,28 = 
1.291, P = 0.297) after 2 wk of solution exposure (Fig. 3B). We 
also found no significant effect of solution with respect to total 
cercariae output after the first 2 wk (F2,15 = 0.159, P = 0.855) for 
gymnocephalus-infected snails (Fig. 4B). 
DISCUSSION 
Snail mortality was affected by infection status, but generally not 
by the exposure solutions, with the exception of gymnocephalus 
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type-infected individuals. Surprisingly, the highest mean survival 
was seen in the dormant-infection snails rather than in those that 
were uninfected. This was unexpected, given that previous studies 
have found a general trend towards increased longevity in 
uninfected snails in comparison to those harboring just primary 
trematode infections, i.e., sporocysts and rediae (see Morley et aI., 
2006; Morley, 2010). In the present study, snails infected with both 
Echinoparyphium sp. and a gymnocephalus type of cercaria had 
decreased survival when compared to those harboring a "dormant" 
Echinoparyphium sp. infection. Echinoparyphium-infected individ-
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FIGURE 4. Mean total number of cercariae (untransformed ±SE) emerged from snails after 2 wk of exposure to 3 different solutions: control 
(dechlorinated tap water), methanol solvent control (2.7 ~g/L in dechlorinated water), and desethyl atrazine (0.33 ~g!L in dechlorinated water). Emerged 
cercariae were either of (A) Echinoparyphium sp. or (B) a gymnocephalus type of cercaria. 
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uals from whom cercariae emerged throughout the study appear to 
bear a higher cost of infection compared to those that had a 
"dormant" infection from whom no cercariae emerged. This is not 
necessarily surprising, given that previous studies have found 
significant damage caused by larval trematode stages when they are 
active, particularly via the ingestion of host tissues by rediae 
(Huffman et aI., 2009). 
Although previous studies have found various effects of atrazine 
on aquatic gastropods, including modulation of immune function 
(Russo and Lagadic, 2004) and decreased locomotion (Gerard and 
Poullain, 2005), our fmdings regarding the effects of desethyl 
atrazine are similar in that exposure appears to have no general effect 
on snail mortality; however, we used a rather low concentration 
(0.33 I!g/L) and it remains to be seen whether higher concentrations 
have an impact. Contrary to our initial expectation, infected snails 
did not generally experience greater mortality when exposed to 
desethyl atrazine exposure compared to uninfected snails, as 
gymnocephalus-infected snails showed greater mortality when 
exposed to this contaminant but those with an active Echinopar-
yphium sp. infection did not. As such, it appears that parasitized 
snails can be more susceptible to exposure by desethyl atrazine, but it 
is highly dependent on the species of trematode involved. 
Correspondingly, many studies examining the effects of trematode 
infection on snail populations have found that survival is often 
parasite species-dependent (see Morley et aI., 2003 for a review). 
The combined stress of parasite infection and exposure to 
contaminants is an important consideration given the proposed use 
of aquatic gastropods as bio-indicators and in ecotoxicological 
studies. The trematode fauna of gastropods may also be a particularly 
suitable indicator of environmental perturbations affecting fmal host 
habitat use and parasite transmission (Hechinger and Lafferty, 2005) 
and gastropods themselves are excellent models for toxicological 
studies; however, the failure to account for differential impacts of 
contaminants on parasitized snails is likely very problematic (Morley, 
2006, 2010). While it is clear that host infection must be considered, 
our results indicate that this should be taken even further, such that 
the specific trematode species is also considered. Notably, studies of 
other snail-trematode systems have revealed a wide range in the 
amount of host tissue occupied by the parasite, with larger species 
using more types of host tissue (Hechinger et aI., 2009). Here, we 
found a similar pattern in that the rediae associated with the relatively 
large gymnocephalus-type cercariae occupied a large proportion of 
the host snail, including digestive tissues, while those of Echinopar-
yphium sp. were largely confmed to the gonadal tissue. As such, the 
combined stress of infection and desethyl atrazine exposure may have 
been greatest for gymnocephalus-infected individuals owing to the 
specifics of this parasite's host use. 
Infected snails are generally more likely to experience greater 
mortality under "poor" conditions such as low resource 
availability (Krist et aI., 2004). With respect to contaminant 
exposure, the combined stress of pollutants and trematode 
infection results in a number of physiological changes in 
molluscan hosts, including alterations of metabolism, respiration, 
cardiac activity, and food consumption, such that individuals 
harboring primary infections generally have increased mortality 
compared to those that are uninfected (see Morley, 2010 for a 
review). Because larval trematodes residing within their snails are 
high energy consumers (Fernandez and Esch, 1991), little is likely 
left for host needs beyond the basics. In particular, detoxification 
mechanisms require substantial host energy. Hemocytes are 
the best-characterized defense cells in molluscs, comprising the 
majority of the response against foreign materials; however, 
infection with a trematode parasite and exposure to atrazine 
generated similar reactions from circulating hemocytes in a 
lymnaeid snail (Russo and Lagadic, 2000). As such, the costs 
of mounting such a defense in response to 2 stressors may have 
been too high for gymnocephalus-infected snails in our study, 
especially given that their rediae occupied such a substantial 
proportion of host tissue in comparison to those infected with 
Echinoparyphium sp. Future studies should further examine 
differential responses to contaminants by molluscs infected by 
different trematode species. 
We did not find a significant effect of exposure to 0.33 I!g/L 
desethyl atrazine on the emergence of cercariae from snails, although 
there was a trend for a decrease observed in Echinoparyphium 
sp.-infected individuals. Given that substantial host mortality 
resulted in low sample sizes for this aspect of the study, it was 
difficult to detect exposure effects, particularly considering our low 
concentration of desethyl atrazine. As previous studies have found 
detrimental effects of host contaminant exposure on the develop-
ment and condition of cercariae (Yescott and Hansen, 1976; Cross et 
aI., 2001), as well as on cercariae emergence (Ibrahim et aI., 1992; 
Morley et al., 2003), this certainly merits further study. Notably, 
larval trematode stages within snails have been shown to concentrate 
the contaminants to which their hosts were exposed (Morley et aI., 
2004). Because it is generally assumed that endoparasitic helminths 
have few detoxification systems and largely depend on their hosts to 
accomplish this (Blanar et aI., 2009), impairment of molluscan ability 
to do so could conceivably impact the parasites themselves. As such, 
the overall reduced emergence of cercariae from snails collected in 
ponds adjacent to com fields, relative to those in non-agricultural 
ponds as found by Koprivnikar, Baker et al. (2007), may be partly 
due to greater mortality of snails infected with certain trematode 
species or an impairment of cercariae production or emergence. 
The results of our study indicate that low concentrations of 
desethyl atrazine have the potential to impact the presence and 
amount of cercariae in freshwater habitats and could affect the 
exposure of second intermediate hosts to these infectious stages, 
influencing their probability of infection; however, these effects 
are complex and appear to be trematode species-specific. Further 
studies with larger sample sizes and higher desethyl atrazine 
concentrations are needed, as well as longer exposure times, as 
41 days of exposure would represent approximately one-third of 
the normal season during which cercariae emerge from snails in 
this location (pers. obs.) and one-twelfth of the normal l-yr life 
span for S. elodes (Leighton et aI., 2000). While it is important 
to study the effects of contaminants on snail host mortality and 
the intramolluscan development of infectious stages to better 
understand the net effects of exposure on second intermediate and 
final host infection patterns, it should be noted that cercariae 
contribute greatly to ecosystem dynamics (Blanar et aI., 2009). In 
addition to their likely role as keystone species (Hechinger and 
Lafferty, 2005), the annual production of free-swimming trema-
tode transmission stages in 3 estuaries was greater than both that 
of birds and of the combined biomass of all quantified parasites 
(Kuris et aI., 2008). As such, a decrease in the presence or amount 
of cercariae as either a source of energy or infection of second 
intermediate hosts, through either increased snail mortality or 
decreased cercariae production-emergence in contaminated areas, 
may have profound effects and warrants further investigation. 
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ASSOCIATIONS BETWEEN TWO TREMATODE PARASITES, AN ECTOSYMBIOTIC 
ANNELID, AND THIARA (TARESIA) GRANIFERA (GASTROPODA) IN JAMAICA 
Stacey A. McKoy, Eric J. Hyslop, and Ralph D. Robinson 
Department of Life Sciences, The University of the West Indies, Mona, Kingston 7, Jamaica. e-mail: ralph.robinson@uwimona.edu.jm 
ABSTRACT: This work describes associations of Thiara (Tarebia) granifera, its larval trematode community, and Chaetogaster limnaei 
limnaei at a freshwater reservoir in Jamaica. Larvae of 2 trematodes were present, i.e., a notocotylid (15.3%) and Philophthalmus sp. 
(1.3%), in 3,575 T. granifera examined. The prevalence of both infections increased with snail shell length (H = 56, P < 0.01, H = 23.1, 
P < O.oI, respectively). Only 3.0% (n = 595) of infected snails possessed reproductive stages, compared with 90.3% (n = 2,980) of 
uninfected snails (X2 = 2,059.8, df = I, P < 0.001); both trematodes negatively impacted snail reproduction. Chaetogaster l. limnaei 
occurred within the mantle cavity of T. granifera with a prevalence of 2.3% (n = 3,575); intensity ranged from 1 to 6 annelids. 
Notocotylid larvae occurred in 32.5% (n = 83) of snails also harboring C. l. limnaei, compared with 14.9% (n = 3,492) of snails lacking 
the annelid (X2 = 18.127; P < 0.001). Chaetogaster I. limnaei appears not to influence the recruitment of egg-transmitted, notocotylid 
infections to snails. Ingestion of emergent cercariae by the annelid was observed; this may impact transmission of the parasite. The 
article presents the first report of a notocotylid and C. I. limnaei in T. granifera, and of Philophthalmus sp. in Jamaica. 
Thiara (Tarebia) granifera Lamarck 1822 is a freshwater snail aI., 2005). However, no practical application of this association 
that was introduced to Jamaica in the late 1980s or early 1990s appears to have materialized (Rodgers et aI., 2005). On the other 
(Hyslop, 2003). The snail is now common in rivers, lakes, and hand, several reports have implicated T. granifera in displacement 
man-made reservoirs throughout the island. Elsewhere in the of snails on several Caribbean islands. Perez et aI. (2001) reported 
Caribbean, T. granifera has been reported from Puerto Rico, local geographic displacement of Biomphalaria glabrata from the 
Vieques, Dominican Republic, Grenada, Venezuela, Haiti, Anti- Dominican Republic; B. glabrata is a major intermediate host of 
gua, Guadeloupe, Martinique, and Costa Rica (for review, see Schistosoma mansoni in the region. Butler et aI. (1980) in Puerto 
Sodeman, 1992). Thiara granifera is a parthenogenetic species; Rico, Prentice (1983) in St. Lucia, and Perera de Puga et aI. (1994) 
snails mature within 122 days, at which time juveniles as small as in Cuba provided similar observations. Further investigations in 
2 mm are released from the cephalic brood pouch (Chantois et aI., the Dominican Republic suggest avoidance of T. granifera by B. 
1980; Prentice, 1983). The shell length of an adult varies from 6 to glabrata is possibly based on chemical release by T. granifera, or by 
40 mm, with an average length of25 mm (Abbott, 1952; Chantois physical contact with a large number of individuals of T. granifera 
et aI., 1980). The parasitological significance of T. granifera stems (Perez et aI., 2001). Although there exists no overt evidence of 
from observations that, depending on geographical location, influence of the rise of T. granifera on the freshwater fauna in 
the snails serve as first intermediate hosts for several species Martinique (Pointier et aI., 1998), concern, however, was expressed 
of trematodes that are known to parasitize birds, fish-eating .. , by Jacobson (1975) regarding the possible detrimental effects of T. 
mammals, and, occasionally, humans (Sodeman, 1991). granifera on species of the native Hemisinus (Thiaridae) in Cuba. 
At least 8 species of Chaetogaster Baer 1827 (Oligochaeta: In the present study, associations among T. granifera, its 
Naididae) are distributed in nonfrigid zones globally. These parasitic trematode larvae, and epizootic C. I. limnaei were 
annelids mainly occur on plants or pebbles in stagnant or slow- investigated at a manmade reservoir in Jamaica. 
flowing fresh or brackish water. They feed on algae or 
zooplankton, but sand grains and other undigestible materials 
are also found in the intestine (Streit, 1977). Chaetogaster limnaei 
Baer 1827 differs from other species in the genus in that it 
forms ecological associations with gastropods, and other aquatic 
organisms. One subspecies, Chaetogaster limnaei vaghini Gruf-
fydd 1965, is parasitic in freshwater snails, and mainly feeds on 
renal tissue (Buse, 1974), whereas another subspecies, C. I. limnaei 
Baer 1827, lives as a motile commensal in the mantle cavity or 
outer surfaces of freshwater snails and mussels (Esch and 
Fernandez, 1994). Chaetogaster I. limnaei feeds on materials 
foraged by their hosts, and on parasitic microorganisms that 
include trematode larvae otherwise associated with the internal 
tissues of the mollusk (Buse, 1974; Fernandez et aI., 1991; 
Rodgers et aI., 2005; Fried et aI., 2008). 
The observed predatory behavior of C. I. limnaei on trematode 
larvae has led to discussions of its potential as a biological control 
agent that effectively reduces the likelihood of establishment of 
infections in susceptible snails (Michelson, 1964; Berg, 1973; 
Sankurathri and Holmes, 1976; Fernandez et aI., 1991; Callisto et 
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MATERIALS AND METHODS 
Mona Reservoir (18°00/N, 76°45/W) is located on the eastern rim of 
Kingston, Jamaica. The reservoir has an area of 32,375 m2 and a 
maximum depth of about 11m. Thiara granifera is the most common 
macroinvertebrate at the reservoir; the vertebrate fauna includes mainly 
teleost fishes, e.g., mosquitofish (Gambusia affinis), tilapia (Oreochromis 
spp.), and mountain mullet (Agonostomus monticola), as well as birds such 
as snowy egrets (Egretta thula), blue herons (Egretta caerulea), pied-billed 
grebes (Podilymbus podiceps), and brown pelicans (Pelecanus occidentalis). 
Monthly collections of T. granifera were conducted for 18 mo (April 
1998-September 1999) at 4 locations around Mona Reservoir. Fifty snails 
from each location (200 in all) were measured from apex to aperture to the 
nearest 0.05 mm for all months (except May 1998, when, owing to 
inclement weather, 175 snails were collected), and placed in 2-mm size 
classes. A total of 3,575 snails was analyzed. Snails were cracked open, and 
the bodies depressed between microscope slides according to the method 
of Crews and Esch (1986). The prevalence of each type of trematode larva, 
and the prevalence and intensity of C. I. limnaei were recorded. Cercariae 
were identified with the use of taxonomic keys by Schell (1970). 
Observations of the color and formation of the body of each snail, and 
the occurrence of reproductive stages (eggs, embryos, juveniles) within the 
brood pouch were also made: For the purposes of this study, snails 
containing reproductive stages within their brood pouch were character-
ized as fecund. All statistical analyses were performed with the use of 
Statistica® 6.0; parametric and nonparametric analyses were employed in 
analyses where indicated (Zar, 1999). 
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FIGURE 1. Mean shell length of Thiara granifera plotted against the 
prevalence of larvae of a notocotylid and Philophthalmus sp. for the period 
April 1998-September 1999 at Mona Reservoir, Jamaica. Vertical lines 
represent standard errors of the means. 
RESULTS 
Of the 3,575 T. granifera collected at Mona Reservoir, most 
were distributed within the size range 14-16 mm (Fig. 1). The 
mean shell length of snails varied significantly during the 
sampling period (F = 71.6, P < 0.01): the smallest snails were 
collected in August 1998 and June 1999 (12.48 ± 0.18 mm and 
14.1 ± 0.17 mm, respectively), whereas the largest snails occurred 
in September and October 1998 (18.22 ± 0.19 mm and 18.12 ± 
0.17 mm), respectively. 
Thiara granifera serves as intermediate host for larvae of 2 
species of trematodes at the reservoir. One of the trematodes was 
monostomate, and belonged to the Notocotylidae; the other was 
Philophthalmus sp. (Philophthalmidae). The overall prevalence of 
infection with the notocotylid and Philophthalmus sp. in T. 
granifera was 15.3% and 1.3% (n = 3,575), respectively. The 2 
types of trematode larvae did not coexist within the snails 
sampled in the study. 
The notocotylid larvae occurred in snails in all the monthly 
samples and, although their prevalence appeared to peak in 
September of both 1998 and 1999 (Fig. 1), this was not 
statistically significant (F = 1.73; P = 0.06). Similarly, there 
was no significant difference in prevalence of Philophthalmus sp. 
larvae in snails during the l8-m sampling period. The prevalence 
of notocotylid infections increased with monthly mean shell 
length (R2 = 0.158, P < 0.0001): Prevalence was low (5.5%, n = 
200) in August 1998 when snails with the smallest mean length 
were collected, whereas the highest prevalence (39%, n = 200) of 
notocotylids was recorded in September 1998 when large snails 
were in abundance. The prevalence of infection with Philophthal-
mus sp. was generally low throughout the l8-mo sampling period 
(Fig. 1). In the months of November 1998, and January and 
February 1999 relatively large-sized snails were present (17.26 ± 
0.19 mm, 15.37 ± 0.14 mm and 15.54 ± 0.14 mm, respectively); 
during these months, prevalence of Philophthalmus sp. > 3% (n = 
200). However, the association was not statistically significant. In 
comparison, however, the prevalence of both notocotylid and 
Philophthalmus sp. infection increased significantly with the 2-mm 
shell size class (H = 56.0 and 23.1, respectively; P < 0.01) (Fig. 2). 
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FIGURE 2. Prevalence of larvae of a notocotylid and Philophthalmus 
sp. within 2-mm shell-length classes of Thiara granifera at Mona 
Reservoir, Jamaica. The number of snails in each size class is indicated 
in parentheses. 
Of 3,575 snails examined, 75.8% were fecund. However, only 
3.0% (n = 595) ofthe total number oftrematode-infected snails were 
fecund, compared with 90.3% (n = 2,980) ofuninfected snails ("l = 
2,059.8, df = 1, P < 0.001) (Table I). Sixteen (2.9%) of the 547 
notocotylid-infected and 2 (4.2%) of the 48 Philophthalmus-infected 
snails were fecund. Snails infected with either trematode displayed 
limp bodies and uncoiled digestive glands, compared with fecund, 
nonparasitized snails, which were characterized by firm bodies, dark-
brown, coiled digestive glands, and distinct branched ovaries. The 
digestive glands of notocotylid-infected snails were green in color 
and laden with rediae and cecariae measuring - 300 !illl in length. In 
c()mparison, snails infected with Philophthalmus sp. displayed 
mottled, white and brown patches comprising the digestive gland. 
The white areas signified the presence of larval stages (rediae and 
cercariae measuring -500 !illl); brown areas represented the remains 
of the digestive gland. Rediae and cercariae of either trematode 
occurred initially within the digestive gland of the snails, but spread 
to the ovary in cases of heavy infections. 
Chaetogaster I. limnaei was found within the mantle cavity and 
on the outer body of T. granifera. The overall prevalence of C. I. 
limnaei in T. granifera at Mona Reservoir was 2.3% (n = 3,575); 
infection intensity ranged from 1 to 6 annelids. No adverse 
physical effects of C. I. limnaei were observed in the tissues of 
nontrematode-parasitized snails. Notocotylid larvae occurred in 
32.5% (n = 83) of snails also harboring C. I. limnaei, compared 
with 14.9% (n = 3,492) of snails lacking the annelid (X2 = 18.127; 
P < 0.001) (Table II). Notocotylid cercariae were observed within 
the transparent intestine of C. I. limnaei, and also in histological 
sections. In comparison, only 1 (1.7%) of the 56 snails harboring 
C. I. limnaei alone was infected with Philophthalmus sp., whereas 
47 (1.6%) of 2,972 snails that had neither C. I. limnaei nor 
notocotylids were infected with Philophthalmus sp. No evidence of 
predation of the parasite larvae by C. I. limnaei was observed in 
the single infected snail collected. 
DISCUSSION 
The natural distribution of T. granifera includes India, Sri 
Lanka, southern Japan, the Philippines, French Polynesia, and 
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TABLE I. Contingency table showing the frequency of fecundity and 
the occurrence of trematode larvae in Thiara granifera at Mona 
Reservoir, Jamaica. 
Fecund 
Trematode larvae Yes No Total 
Present 18 577 595 
Absent 2,693 287 2,980 
Total 2,711 864 3,575 
Hawaii (Abbott, 1952). The snail was introduced into Florida, 
probably from Hawaii, in the 1940s (Rader, 1994), and has since 
spread through the islands of the Caribbean (Pointier et aI., 1998). 
Having arrived in Jamaica about 20 yr ago, the T. granifera snail 
is common in many freshwater water systems, but appears to be 
excluded from areas of high elevation (> 1 ,000 m above sea level) 
or salinity (>0.5 ppt) (Hyslop, 2003). 
Thiara granifera is well established as an intermediate host 
for several species of trematodes, particularly heterophyids and 
philophthalmids (Murray and Haines, 1969; Nollen and Murray, 
1978; Sodeman, 1991). Despite of reports to the contrary, the 
snail is apparently not a host of the human lung fluke 
Paragonimus westermani or, apparently, of Metagonimus yokoga-
wai (see Sodeman, 1992). On the other hand, the present study 
appears to be the first record of a notocotylid occurring in T. 
granifera, although a new notocotylid cercaria, Cercaria viskha-
patnamensis III sp. nov., was reported from the hepatopancreas of 
congeneric T. tuberculata collected in India (Dhanumkumari 
et aI., 1992). We also report for the first time the occurrence of 
Philophthalmus sp. in Jamaica. Waders such as herons are known 
definitive hosts of the notocotylids (Skirnisson et aI., 2004), and , 
waterfowl, among others, harbor philophthalmids (Murray, 1964, ' 
Nollen and Murray, 1978). Potential sources of infection at Mona 
Reservoir are snowy egrets, blue herons, pied-billed grebes, and 
brown pelicans, all of which are common, year-round residents in 
Jamaica (Goodbody and Goodbody, 1994, 1998; Raffaele et aI., 
1998; Haynes-Sutton et aI., 2009). 
The 2 species of trematode larvae observed in the study did not 
coexist within any of the snails sampled. Although it is possible 
that this observation may result from the relatively low prevalence 
(1.3%; n = 3,575) of Philophthalmus sp. at the reservoir, double 
infection of trematode larvae in snails is usually infrequent 
(Sousa, 1983; Kuris and Lafferty, 1994; Lafferty et aI., 1994). A 
possibility also exists that some form of interaction occurs 
between the parasite larvae that results in competitive exclusion 
within the snail host (see Kuris and Lafferty, 1994; Lafferty and 
Kuris, 2009). According to Esch et aI. (2001), in natural settings, 
trematode prevalence in snails usually ranges from 5 to 10%, with 
a few exceptions as high as 60%. In addition, parasites with long 
latent periods in snails (time from infection to cercariae release) 
are likely to generate low prevalence (Anderson and May, 1979): 
The comparatively long latent period (exceeding 3 mo) that is 
typical of philophthalmids (Alicata, 1962; Ismail and Arif, 1993; 
Nollen and Kanev, 1995) may help to explain the low prevalence 
of Philophthalmus sp. at Mona Reservoir. Further, parasite 
prevalence appears to be related to the nature of the infective 
stage, whether egg or miracidium (Fernandez and Esch, 1991; 
Williams and Esch, 1991; Snyder and Esch, 1993). Thiara 
granifera is a detritus feeder (Sodeman, 1992). In the present 
TABLE II. Contingency table showing the frequency of occurrence of 
notocotylid larvae and Chaetogaster limnaei limnaei in Thiara granifera at 
Mona Reservoir, Jamaica. 
Notocotylid larvae 
Chaetogaster I. limnaei Yes No Total 
Present 27 56 83 
Absent 520 2,972 3,492 
Total 547 3,028 3,575 
study, notocotylid infection resulted from ingesting eggs found in 
bird stools, whereas snails harboring Philophthalmus sp. larvae 
become infected by means of penetrating miracidia. The viability 
of trematode eggs over longer periods (Esch et aI., 2001), in 
contrast to miracidia, which survive only 24-72 hr (Esch and 
Fernandez, 1994) is also a likely contributing factor for the high 
prevalence of notocotylids at the reservoir. 
Thiarids tend to reproduce largely in summer/warmer months 
(Chantois et aI., 1980; Dudgeon, 1986), which may explain the 
high frequency of smaller-size snails in the summer months 
(August 1998 and June 1999) compared with cooler months 
(September and October 1998), which had, on average, the largest 
snails. Correspondingly, lower notocotylid prevalence was ob-
served in August 1998 and June 1999 when snails were younger 
« 12 mm), and may be less likely to have been exposed to 
infective stages than older snails that were numerous in September 
and October 1998. Grazing activities also increase in older snails, 
thereby increasing chances of ingesting trematode eggs (Curtis 
and Hurd, 1983; Fernandez and Esch, 1991; Kuris and Lafferty, 
1994; McCurdy et aI., 2000). Further, miracidia are generally 
attracted to larger-size snails, as they are more active and more of 
the exposed body could be targeted by miracidia (Lim and 
Heyneman, 1972), which may explain any tendency of Phi-
lophthalmus sp. to occur more frequently in larger snails. 
According to Sorensen and Minchella (2001), trematodes with 
rediae cause severe mechanical damage to host tissue when 
compared with parasites possessing just sporocyst stages. In the 
present study, rediae of both trematodes appeared to be 
responsible for the destruction of the digestive gland and, 
eventually, the ovary of T. granifera, with approximately 3% of 
total infected snails possessing eggs, embryos, or juveniles in the 
brood pouch, compared with 90% of uninfected snails. Because 
the ovary appears not to be targeted by the early stages of 
infection by either parasite, some snails are probably still able to 
reproduce (as observed in 3% of total infected snails); however, 
once the ovary is destroyed, reproduction is inhibited (Hurd, 
2001). The ecological impact of such parasitic castration, though 
potentially significant (see Lafferty and Kuris, 2009) remains to 
be investigated in T. granifera. 
Early work by James (1965) on the prosobranch Littorina 
saxatilis tenebrosa indicated the digestive gland of healthy 
(uninfected) snails to be dark brown. However, the presence of 
trematode larvae resulted in changes in coloration and destruction 
of the visceral hump comprising the digestive gland and gonad. In 
the present study, the physical appearance of the digestive gland 
of T. granifera was a reliable indicator of trematode infection. 
The coiled and dark brown appearance of digestive gland of 
uninfected snails indicates that it is rich in nutrients (glycogen) 
required for growth and reproduction of the snail (Fretter and 
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Graham, 1994). However, the presence of trematode larvae results 
in loss of nutrients (Cheng and Snyder, 1962), hence the 
discoloration and limp structure of infected T. granifera. 
Chaetogaster limnaei has been recorded as an ectosymbiont 
in several genera of freshwater snails, e.g., Lymnaea, Physa, 
Planorbis, Biomphalaria, and Melanoides on several continents 
(Buse, 1974; Esch and Fernandez, 1994; Callisto et aI., 2005), but 
the present study appears to represent the first report of the 
annelid occurring in association with T. granifera. Studies by 
Fernandez et al. (1991) indicated that C. I. limnaei was more likely 
to occur in snails (Helisoma anceps) shedding cercariae (Halipegus 
occidualis) than nonshedding snails, and that the cercariae served 
as a food resource for C. I. limnaei. Similarly, Fried et al. (2008) 
observed digestion and absorption of cercariae infecting Helisoma 
trivolis in the gut of C. limnaei, and confirmed cercaria larvae as a 
nutrient source. Hence, the presence of notocotylid cercariae in 
the gut of C. l. limnaei at Mona Reservoir suggests the larvae 
serve as a food source for the annelid, possibly affecting 
recruitment to the subsequent host. 
In the present study, however, notocotylid larvae were twice as 
likely (32.5%, n = 83) to occur in snails also harboring C. I. 
limnaei, compared with snails that did not possess the annelid 
(14.9%, n = 3492). In marked contrast, Rodgers et al. (2005) 
reported a significantly higher prevalence (70%) of Schistosoma 
mansoni in Biomphalaria glabrata that were devoid of C. I. limnaei, 
compared with 34% of those that were colonized by the annelid, 
whereas several other studies (Michelson, 1964; Sankurathri and 
Holmes, 1976; Ibrahim, 2007) confirmed the potential protective 
action of C. I. limnaei against trematode infection in snails. 
Clearly, the impact of C. I. limnaei on the success of parasite 
recruitment by the snail host is dependent on the mode of 
transmission of the infective stage, whether by penetrating 
miracidia or ingestion of embryonated eggs by the snail. 
Observations by Sankurathri and Holmes (1976) suggest the 
feeding pattern of C. I. limnaei (whereby the annelid constantly 
protrudes its anterior portion into the water combined with the 
darting and expansion of its mouth) prevents or obstructs 
miracidia that penetrate the snail host (Physa gyrina) directly. 
However, this feeding behavior would not affect recruitment of 
notocotylids, as snails become infected by eating parasite eggs. 
For example, C. I. limnaei was not effective in controlling 
infection by Notocotylus urbanensis in P. gyrina, compared with 
Echinoparyphium recurvatum, which possesses externally invading 
miracidia (Sankurathri and Holmes, 1976), nor did C. l. limnaei 
protect H anceps against H occidualis as snails also become 
infected by ingesting eggs in stool (Williams and Esch, 1991; 
ZeImer and Esch, 1998). Histological studies by Murrills et al. 
(1988) revealed that following ingestion.of eggs of Notocotylus 
attenuatus the opercular cord injects the sporocyst through the gut 
wall of the snail host (Lymnaea peregra). Hence, although C. I. 
limnaei does not impact the recruitment of notocotylid larvae in 
T. granifera at Mona Reservoir, ingestion of emergent cercariae 
by the annelid as a food source may have some influence further 
transmission of the parasite. 
In the present study, only 1 snail harbored both Philophthalmus 
sp. and C. I. limnaei, and there was no evidence of predation on 
cercariae. Notwithstanding the larger size of philophthalmid 
cercariae (-500 11m) compared with notocotylid cercariae 
(-300 11m), size alone is unlikely to deter C. I. limnaei from 
consuming them. Studies by Fernandez et al. (1991) and 
Sankurathri and Holmes (1976) have indicated that cercariae 
with lengths of up to 500 !!ill are readily consumed by C. I. limnaei 
compared with much larger cercariae such as those of Echinos-
toma trivolis that may reach 900 !!ill. The role, if any, of C. I. 
limnaei in controlling recruitment of miracidia of Philophthalmus 
sp. by T. granifera can be neither confirmed nor disproved by our 
data set, and awaits further study. 
Notocotylid trematode infections are not zoonotic. However, 
human cases of philophthalmosis have been previously reported 
in Yugoslavia, Sri Lanka, Thailand, Mexico, and the United 
States (Rajapakse et aI., 2009), where the adult parasite was 
identified as Philophthalmus lacrimosus, Philophthalmus palpeb-
rarum, or uncertain species. No cases of human philophthalmosis 
have been reported in Jamaica. 
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FIRST RECORD OF A DIGENEAN FROM INVASIVE LION FISH, PTEROIS CF. VOLITANS, 
(SCORPAENIFORMES: SCORPAENIDAE) IN THE NORTHWESTERN ATLANTIC OCEAN 
S. A. Bullard, A. M. Barse*, S. S. Currant, and J. A. Morris, Jr.:j: 
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ABSTRACT: Adults of Lecithochirium floridense (Digenea: Hemiuridae) parasitized the stomach in each of 22 necropsied lionfish, 
Pterois cf. volitans (Scorpaeniformes: Scorpaenidae) (prevalence = 100%, mean intensity = 11), captured in the northwestern Atlantic 
Ocean off Beaufort, North Carolina (34°14.83'N, 76°35.25'W). This is the first report of a digenean from the invasive lionfish and that 
of L. floridense from a species of Pterois. The leech specimen previously identified as Myzobdella lugubris from P. volitans in the 
northwestern Atlantic Ocean is re-identified as Trachelobdella lubrica based on a study of the original voucher specimen. 
Red lionfish, Pterois volitans (Linnaeus, 1758), (Scorpaeni-
formes: Scorpaenidae) and devil firefish, Pterois miles (Ben-
nett, 1828) range in the western Pacific Ocean (Poss, 1999) and 
throughout the Indian Ocean and Red Sea (Hamner et al., 2007), 
respectively. Both 1ionfishes remain popular in the aquarium 
trade and were likely introduced into the northwestern Atlantic 
Ocean by that association, perhaps as early as the mid-1980s 
(Morris and Akins, 2009). Both are now established in the 
northwestern Atlantic Ocean and Caribbean Sea (Morris et al., 
2009; Morris and Whitfield, 2009; Sutherland et al., 2010), where 
they are regarded as the first non-native obligate marine fishes to 
establish a self-reproducing population off the Atlantic coast of 
the United States. Herein, we provide the first published record of 
a digenean from invasive lionfish captured outside of their native 
Indo-Pacific range. 
MATERIALS AND METHODS 
Lionfish were hand-netted during August 2007 at a reef area of 36-m 
depth in the northwest Atlantic Ocean, 39 Ian off Beaufort, North 
Carolina, USA (34°14.83'N, 76°35.25'W). The fish were brought to the 
sea surface alive and were killed by spinal severance immediately before 
necropsy. The gut of each fish was examined with the aid of a dissecting 
microscope and flukes were routinely processed for staining (Bullard, 
2010) and scanning electron microscopy (SEM) (Bullard and Jensen, 
2008). Fluke measurements are herein reported in micrometers (Ilffi) 
followed by the number of specimens measured in parentheses. Scientific 
names, taxonomic authorities, and dates for fish taxa follow Eschmeyer 
(2010). Higher-level fish classification and nomenclature follows Nelson 
(2006) and Poss (1999). Lionfish were field-identified as per Schultz (1986), 
but because meristic counts for these species may overlap (Kochzius et aI., 
2003) and we did not have access to molecular sequence data from any 
host tissue, we used the designation Pterois cf. volitans. Higher-level fluke 
classification follows Bray (1991) and Gibson (2002a, 2002b). 
RESULTS 
Adults of Lecithochirium jloridense (Manter, 1934) Crowcroft, 
1946 (Digenea: Hemiuridae) parasitized the stomach in each of 22 
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necropsied lionfish, Pterois cf. volitans (Scorpaeniformes: Scor-
paenidae) (prevalence = 100%, mean intensity = 11). No other 
parasitic platyhelminths were recovered from the stomach of any 
examined lionfish, but other parasites collected from these hosts 
will be reported elsewhere. 
EMENDED DESCRIPTION 
Lecithochirium floridense (Manter, 1934) Crowcroft, 1946 
(Figs. 1-2) 
Diagnosis of adult (based on 12 heat-killed, stained, and whole-
mounted specimens [USNPC Nos. 104635 and 104636J plus 2 
sputter-coated adults examined by SEM): Soma 547-1,124 (12) 
long, 167-427 (11) wide, 2.5-3.4 times longer than wide (Figs. 1-
2), with numerous sensory papillae on ventral surface (Fig. 2). 
Ecsoma withdrawn or extending to 162 (1) or 15% total body 
length in specimen 1,023 long; partially extruded length 11-84 (5); 
invaginated into posterior end of body in 6 measured specimens. 
Forebody 138-314 (12) long or 26-30% soma length. Preoral lobe 
present, not prominent. Oral sucker subterminal, 57-99 (12) long, 
48-102 (12) wide, 0.9-1.2 times longer than wide, bearing minute 
sensory papillae around rim (Fig. 2). Ventral sucker 108-230 (12) 
long, 111-241 (12) wide, 0.9-1.2 times longer than wide, bearing 
minute sensory papillae around rim (Fig. 2). Pit-like depression 
anterior to ventral sucker present in 1 SEM specimen, likely an 
artifact (Fig. 2), absent in whole-mounted specimens. Ratio of 
oral sucker length to ventral sucker length 1: 1.9-2.6. Ratio of oral 
sucker width to ventral sucker width 1:2.0-2.4. Prepharynx 
absent. Pharynx 31-54 (11) long, 31-52 (11) wide, 0.9-1.2 times 
longer than wide. Esophagus short. Driisenmagen present. Ceca 
bifurcating at midline posterior to level of pharynx; each cecum 
ending blindly in extreme posterior body end or terminating in 
anterior half of ecsomal space (Fig. 1). 
Testes 2, opposite, subequal, subspherical, slightly overlapping 
posterior margin of ventral sucker, 31-111 long (11),37-128 (11) 
wide, 0.9-1.5 times longer than wide. Seminal vesicle bipartite, 
overlapping anterior half of ventral sucker, connecting with base 
of sinus sac via male duct being surrounded by free prostatic cells. 
Sinus sac clavate, 85 (1) long in a laterally-mounted specimen, 
having muscular luminal wall and base, containing spherical 
prostate vesicle at proximal end (Fig. 1). 
Ovary dextral, subspherical, amphitypic in middle third of 
hindbody, 43-140 (11) long, 51-195 (11) wide, often contiguous 
with or overlapping with testes. Mehlis' gland and Laurer's canal 
not observed. Seminal receptacle absent. Vitellarium primarily 
overlapping posterior margin of ovary, distributing in 2 groups; 
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FIGURES 1,2. Lecithochiriumfloridense (Manter, 1934) Crowcroft, 1946 (Platyhelminthes: Digenea: Hemiuridae) from the stomach of lionfish, 
Plerois cf. volilans (Linnaeus, 1758), (Scorpaeniformes: Scorpaenidae) from the northwestern Atlantic Ocean (USNPC No. 104635), (1) ventral view of 
stained, whole-mounted specimen; oral sucker (os) excretory arm (ea), ventral sucker (vs) , ecsoma (ec), excretory pore (ep) , pharynx (ph), Driisenmagen 
(dr), metra term (m), dextral cecum (c), ovary (ov), dextral vitelline group (vg), cecal tips (ct). Scale value next to bar. (2) Scanning electron micrograph 
showing same view as in Figure 1 (same scale base value as Fig. 1). 
dextral and sinistral group each having 4 and 3 posteriorly 
directing lobes, respectively (Fig. 1). Uterus extensive, having 
coils extending both anterior and posterior to ovary; coils may 
extend into ecsoma. Metraterm thin-walled, entering sinus sac 
ventrally, communicating with male duct immediately anterior to 
prostate vesicle forming hermaphroditic duct; hermaphroditic 
duct occupying anterior 2/3 of sinus sac. Genital pore median, 
opening at level of pharynx. Eggs oblong, 14-17 (12) long, 7-10 
(12) wide, or approximately 2 times longer than wide. 
Excretory vesicle nearly indistinct, with excretory bladder arms 
uniting dorsal to pharynx immediately posterior to level of oral 
sucker. 
Taxonomic summary 
Type host: Manter (1934) listed various marine fish hosts but 
did not specify a type host. 
Site: Adults in stomach. 
Type locality: Gulf of Mexico, off the Tortugas, Florida. 
Other hosts and localities: Red hind, Epinephelus guttatus 
(Linnaeus, 1758) (Perciformes: Serranidae) (see Cribb et a!., 
2002); red grouper, Epinephelus morio (Valenciennes, 1828) (see 
Moravec et a!., 1997); Nassau grouper, Epinephelus striatus 
(Bloch, 1792); yellowfin grouper, Mycteroperca venenosa (Lin-
naeus, 1758); gag, Mycteroperca microlepis (Goode and Bean, 
1879); sergeant major, Abudefduf saxatilis (Linnaeus, 1758), 
(Perciformes: Pomacentridae) in the Caribbean Sea (Yeo and 
Spieler, 1980); little tunny, Euthynnus alleteratus (Rafinesque, 
1810) (Perciformes: Scombridae) in the northwestern Atlantic 
Ocean (Pozdnyakov, 1990); pink frogmouth, Chaunax nuttingi 
Lowe, 1846 (Lophiiformes: Chaunacidae) in the Gulf of Mexico 
(GoM) (Klimpel et a!., 2001); angler, Lophius piscatorius 
Linnaeus, 1758, (Lophiiformes: Lophiidae) in GoM; Peristedion 
imberbe Poey, 1861 (Scorpaeniformes: Peristediidae) in GoM; 
beardfish, Polymixia lowei Gunther, 1859 (Polymixiiformes: 
Polymixiidae) in GoM; Gulf hake, Urophycis cirrata (Goode 
and Bean, 1896) (Gadiformes: Phycidae) in GoM; red scorpion-
fish, Scorpaena natalensis Linnaeus, 1758 (Scorpaeniformes: 
Scorpaenidae) in the Southwest Indian Ocean (Parukhin, 1989); 
false kinglip, Hoplobrotula gnathopus (Regan, 1921) (Ophidii-
formes: Ophidiidae) in the southeast Atlantic Ocean; jaguar 
guapote, Cichlasoma managuense (Gunther,1867) (Perciformes: 
Cichlidae) (Vidal-Martinez and Kennedy, 2000) and Mexican 
mojarra, Cichlasoma urophthalmus (Gunther, 1862) in Mexico 
(Salgado-Maldonado and Kennedy, 1997; Salgado-Maldonado et 
a!., 1997; Vidal-Martinez et a!., 2001). 
Remarks 
Lecithochirium floridense is distinct from congeneric and 
morphologically similar hemiurids primarily by the combination 
of having (1) extruded ecsoma 15% of total body length, (2) ceca 
extending far posteriad and penetrating into ecsoma region, (3) 
egg 16-17 11m long, (4) vitellarium dividing into 2 multi-lobed 
groups, (5) prostatic vesicle present, (6) genital pore medial, at 
level of pharynx, (7) ovarian complex in middle 113 of body, 
overlapping testes, (8) oral sucker width to ventral sucker width 
ratio 1:2.5, (9) seminal vesicle bipartite, (10) sinus sac clavate with 
muscular wall, and (11) preacetabular pit absent. Lecithochirium 
monticellii (Linton, 1898) Crowcroft, 1946 has a larger body 
(5.5 mm long), a posterior ovarian complex with elongated 
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vitelline lobes, an oral sucker to ventral sucker width ratio of 
1:5.4, and larger eggs 18-25 11m long (see Linton, 1898). 
Lecithochiriumfusiforme Luhe, 1901 has ceca terminating anterior 
to the ecsoma and elongated dendritic vitelline lobes (Linton, 
1910; Perez-Vigueras, 1958). Lecithochirium synodi Manter, 1931 
has a tripartite seminal vesicle, eggs 12-16 11m long, a "cervical 
pit" (=conspicuous and glandular pre acetabular pit), and 
elongate dendritic vitelline lobes (see Manter, 1931; 1947). 
Lecithochirium branchiale (Stunkard and Nigrelli, 1934) Manter, 
1943 has ceca terminating anterior to the ecsoma, elongate 
vitelline lobes, and eggs 19 11m long (see Stunkard and Nigrelli, 
1934). Lecithochirium microstomum Chandler, 1935 has a larger 
body (2.75-4.8 mm long), a preacetabular pit (="deep sinus"), 
and ceca terminating anterior to ecsoma (Chandler, 1935). 
Lecithochirium texanum (Chandler, 1941) Manter, 1947 has a 
trilobed seminal vesicle, a pored pre acetabular pit, and eggs 
measuring 18 11m long (Chandler, 1941; Manter, 1947). Lecitho-
chirium mecosaccum Manter, 1947 has ceca terminating anterior 
to the ecsoma, a sucker width ratio of I :2, a tripartite seminal 
vesicle, no external pars prostatica, a large sinus sac, and a 
preacetabular pit. Lecithochirium microcercus (Manter, 1947) has 
a sucker width ratio of 1 :2, a minute ecsoma, a genital pore far 
anterior to oral sucker base, a tripartite seminal vesicle, a short 
sinus sac, and nearly indistinct vitelline lobes. Lecithochirium 
parvum Manter, 1947 has a preacetabular pit, ceca terminating 
anterior to the ecsoma, a tripartite seminal vesicle, a weakly 
muscular sinus sac lacking conspicuous prostatic vesicle, and a 
posteriorly located ovarian complex. Lecithochirium havanensis 
(Perez-Vigueras, 1958) n. comb. has elongated dendritic vitelline 
follicles. Lecithochirium latum (Perez-Vigueras, 1958) n. comb. 
has a sucker width ratio of 1:2 and smaller eggs measuring 13.4 11m 
long by 10 11m wide (Perez-Vigueras, 1958). Lecithochirium loossi 
(Perez-Vigueras, 1958) n. comb. has elongated dendritic vitelline 
lobes. Lecithochirium ryptici (Perez-Vigueras, 1958) n. comb. 
apparently lacks a prostatic vesicle but otherwise does not differ 
appreciably from L. floridense (see Perez-Vigueras, 1958) and, 
therefore, may comprise a junior subjective synonym of L. 
floridense. 
DISCUSSION 
The lionfish hosts we studied likely were infected on site, in the 
northwestern Atlantic Ocean, rather than introduced as infected 
individuals because: (1) the prevalence of L. floridense infection 
among the wild-caught lionfish we sampled was 100%, (2) adult 
L. floridense may live for only a few months in the gut of the 
definitive fish host (Margolis and Boyce, 1969; Scott, 1969), (3) L. 
floridense infects other fishes in the region (e.g., Pozdnyakov, 
1990), and (4) lionfish have established a self-reproducing popu-
lation at the collecting site (Morris et a!., 2009). 
Adults of L. jloridense infect the gut of at least 16 species of 
piscivorous marine fishes assigned to 12 genera and 10 families 
including members of Scorpaeniformes (Parukhin, 1989). Thus, it 
is not surprising that invasive lionfish host this euryxenous fluke 
in the northwestern Atlantic Ocean. The lionfish is a new host 
record for this fluke. Parasite records comprising a total of 2 
monogenoids (Paperna, 1972; Ogawa et a!., 1995), 2 trematodes 
(Nagaty and Aal, 1962; Hassanine, 2006), 2 leeches (Paperna, 
1976; Ruiz-Carus et a!., 2006), and 1 copepod (Dojiri and Ho, 
1988) have been published from P. volitans, while only 1 
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monogenoid (Colorni and Diamant, 2005) and 1 myxozoan 
(Diamant et aI., 2004) have been reported from P. miles. These 
records likely represent only a fraction of the parasites that infect 
these lionfishes. 
In the only previously published record of a parasite from 
invasive lionfish, Ruiz-Carus et al. (2006) collected 2 specimens of 
P. volitans (1 male and 1 female) and detailed a single leech 
specimen they identified as Myzobdella lugubris from the tongue 
of a male lionfish. Trachelobdella lubrica infects lionfish (Paperna, 
1976) and it is also a well-known ectoparasite of the buccal 
cavity of ocean-dwelling actinopterygian fishes (Sawyer, 1986; 
Mizzan, 1994), including scorpaenids (Celik and Aydin, 2006), 
in the Mediterranean Sea, Caribbean Sea, Gulf of Mexico, and 
Atlantic Ocean. One of us (S.S.c.) borrowed Ruiz-Carus et al.'s 
(2006) voucher specimen (U. S. National Parasite Collection 
No. 94040, not "88999") and compared it with several speci-
mens of Myzobdella lugubris from fishes of Mississippi Sound 
(30 0 23'32"N; 88°47'45"W). The voucher specimen clearly has 12 
pairs of lateral pulsatile vesicles along the body margin and lacks 
eye pigmentation on the oral sucker. The specimen recovered 
from lionfish is, therefore, T. lubrica (see Meyer, 1965; Paperna, 
1976), not M. lugubris, which lacks external pulsatile vesicles and 
has a pair of distinct eyespots on the dorsal surface of the oral 
sucker (Sawyer et aI., 1975). Trachobdella lubrica is a common 
parasite of snappers (Lutjanidae) and groupers (Serranidae) in the 
Gulf of Mexico (S. Bullard and S. Curran, pers. obs.) and differs 
from M. lugubris not only by its preference for hosts that range in 
oceanic waters (high salinity) but also in its fidelity for infecting 
the buccal cavity rather than the external body surface of its fish 
hosts. 
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BESNOITIOSIS IN A SOUTHERN PLAINS WOODRAT (NEOTOMA MICROPUS) FROM 
UVALDE,TEXAS 
Roxanne A. Charles, Angela E. Ellis*, J. P. Dubeyt, John C. Barnest, and Michael J. Yabsley§ 
Southeastern Cooperative Wildlife Disease Study, Department of Population Health, College of Veterinary Medicine, University of Georgia, Athens, 
Georgia 30602. e-mail: roxxyanne@hotmail.com 
ABSTRACT: Recently, Besnoitia neotomofelis was described from a southern plains woodrat (Neotoma micropus) from southern Texas, 
During May 2010, 1 of 55 southern plains wood rats trapped in Uvalde County, Texas, was diagnosed with besnoitiosis. Grossly, the 
woodrat had bilateral swellings of the cheeks, and numerous Besnoitia sp,-like cysts were observed in the tongue, facial region, 
musculature of the limbs, and subcutis of the dorsum and flanks, Little to no inflammation was noted around cysts, The cysts were 
morphologically similar to B, neotomofelis based on light and transmission electron microcopy, The sequence of the internal 
transcribed spacer region-l was identical to the type isolate of B, neotomofelis, Attempts to isolate Besnoitia sp, in laboratory mice 
failed; however, Toxoplasma gondii was isolated in a Swiss Webster mouse, This represents the first report of besnoitiosis caused by 
B. neotomofelis in a southern plains woodrat and the first concurrent Besnoitia sp, and T gondii infection in any host species. 
Species of Besnoitia are cyst-forming parasites that are 
members of the Sarcocystidae (Apicomplexa), There is a wide 
host range for Besnoitia species that includes mammals, birds, and 
reptiles. Common hosts include cattle, equids, goats, reindeer 
(known as caribou in North America [Rangifer tarandusJ), 
opossums, rabbits, rodents, and lizards (Leighton and Gajadhar, 
2001; Dubey et aI., 2003), Currently, Besnoitia contains 10 validly 
described species, although there are probably numerous other 
species that have not been sufficiently morphologically, or 
molecularly characterized for definitive identification. The life 
cycles of most of these species are still poorly understood, 
although felids serve as definitive hosts for at least 4 of the species, 
including B. oryctofelisi, B. darlingi, B. wallacei, and B. neo-
tomofelis (Dubey and Yabsley, 2010), 
In a previous study of Besnoitia sp. from southern plains 
woodrats, a novel species (B. neotomofelis) was isolated from a 
single southern plains woodrat by inoculation of laboratory mice 
with tissue homogenates (Dubey and Yabsley, 2010), In that 
study, the positive woodrat was clinically normal at the time of 
capture, and no cysts were observed grossly or histologically 
(Dubey and Yabsley, 2010), In the current report, we describe an 
unusual case of clinical besnoitiosis in a southern plains woodrat 
caused by B. neotomofelis that had concurrent asymptomatic 
Toxoplasma gondii and Sarcocystis sp. infections, 
MATERIALS AND METHODS 
In May 2010, 55 wood rats (17 juveniles and 38 adults) were trapped at 
2 sites in Uvalde, Texas, during an ongoing study of Trypanosoma cruzi in 
southern Texas, Animals were captured using large Sherman traps (H,B, 
Sherman, Traps, Tallahassee, Florida) or small squirrel cage traps 
(Havahart, Lititz, Pennsylvania) with dried apricots as bait. Upon 
capture, animals were anesthetized with intramuscular injection of 
100 mglkg ketamine (Fort Dodge Laboratories, Inc" Fort Dodge, Iowa), 
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weighed, and examined for ectoparasites, Whole blood was collected 
immediately by intracardiac puncture, and animals were killed by cervical 
dislocation, Each rat was necropsied, and samples of quadriceps muscle, 
tongue, diaphragm, liver, spleen, kidney, lung, heart, stomach, small and 
large intestines, cecum, adrenal glands, urinary bladder, and gonads were 
fixed in 10% neutral buffered formalin for routine histology. Tissues were 
embedded in paraffin, sectioned at 5 ).lm, and stained with hematoxylin 
and eosin (H&E) for light microscopy examination, Sections of brain and 
muscle were submitted to the Athens Diagnostic Laboratory (Athens, 
Georgia) for immunohistochemical staining for T gondii. For transmis-
sion electron microscopy (TEM), tissues that were fixed in 10% neutral 
buffered formalin were post-fixed in osmium and processed for TEM, For 
isolation of Besnoitia sp., samples of brain, tongue, and heart were 
homogenized and aliquots of homogenates (some digested in acidic 
pepsin) were inoculated subcutaneously into outbred Swiss Webster (SW) 
and y-interferon knockout mice (Dubey et aI., 2008); grossly visible cysts 
from buccal mucosa were fed to a laboratory-raised domestic cat. Serum 
from the wood rat was tested for antibodies to T gondii by the modified 
agglutination test as described by Dubey and Desmonts (1987), 
For polymerase chain reaction, DNA was extracted from a single cyst 
by using the DNeasy blood and tissue kit (QIAGEN, Valencia, California) 
following the manufacturer's protocol. The internal transcribed spacer 
(ITS)-l region was amplified with primers 15C and 13B as described 
previously (Bostrom et aI., 2008), and amplicons were purified with a Gel 
Extraction kit (QIAGEN) and independently bidirectionally sequenced at 
The University of Georgia sequencing facility (Athens, Georgia), 
RESULTS 
A single adult female woodrat (262 g) was found to be depressed 
and lethargic within a cage and had markedly swollen cheeks and 
muzzle (Fig. lA). The remaining 54 woodrats trapped from that 
site and a second site within the same county were bright, alert, and 
responsive, At necropsy, the fascia along the lateral aspects of the 
sinonasal area was reddened and edematous with numerous firm, 
white spherical cysts that were ~0,5 mm in diameter (Fig. IB), 
Additional cysts were observed in the musculature on the skull, 
tongue, nasal cavity, and inner ear. Cysts were distributed 
throughout the skin and musculature of the dorsum, flanks, and 
the thighs. Cysts also were found in linear chains within the 
musculature of the distal fore- and hind limbs (Fig, I C). Within the 
visceral cavity, only 2 small cysts were observed; both were located 
near the renal vein, Partial ISS rRNA, complete ITS-I, and partial 
5.SS rRNA sequences from a single cyst were identical to sequences 
obtained from the type isolate of B. neotomofelis (Dubey and 
Yabsley, 2010). The sequences were submitted w GenBank with 
accession number HQ9090S5, 
Histologically, cysts were morphologically consistent with 
Besnotia sp. and measured between 224 and 634 ).lm, with a mean 
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FIGURE I. (A) External view of woodrat (Neotoma micropus) showing severe swelling of the face and a single superficial Besnoitia cyst (arrow). (B) 
Lateral view of the head with skin reflected. Exposed tissue is diffusely reddened and periocular tissue has a gelatinous appearance (edema). Numerous 
B. neotomofelis cysts are present in the muscles and fascia (arrow). (C) Rows of B. neotomofelis cysts present in the musculature of the lower leg (arrow). 
(D) Facial skin of woodrat. Numerous zoite filled cysts expand the dermis, x20 magnification, H&E stain. (E) Parts of 2 B. notomofelis cysts are visible. 
Cysts have a thick capsule and contain numerous banana- or teardrop-shaped zoites. The lower cyst is within a cystic space containing erythrocytes and 
fibrin (blood vessel), x200 magnification, H&E stain. (F) A single S. neotomafelis sarcocyst in skeletal myocyte. The cyst has a thin (indistinct) wall and 
is filled with deeply basophilic zoites. No inflammation or degeneration is associated with the cyst, X 100 magnification, H&E stain. 
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diameter of 463 flm. The majority of cysts were embedded in 
collagen or skeletal muscle, although some cysts were found 
within endothelial lined spaces (blood, or lymphatic vessels, or 
both; Fig. ID, E). Tissue cysts contained numerous closely 
packed, crescent-shaped zoites. Cysts had double-contoured walls 
(5-15 flm) with a darkly eosinophilic inner layer and a thicker, 
paler eosinophilic outer layer covered by flattened hyperchro-
matic nuclei. Results of the TEM showed that cyst walls consisted 
of 3 distinct layers as described in Dubey and Yabsley (2010). 
Within the dermis and subcutis of the face, there were scattered 
foci of mild edema and small aggregates of neutrophils, 
lymphocytes, and rare plasma cells, and some cysts were 
surrounded by small numbers of neutrophils. One cluster of cysts 
in the superficial dermis was surrounded by homogeneous 
eosinophilic material resembling amyloid. A single cyst in the 
cheek had central necrosis with proliferation of bacteria. No 
inflammation was noted around cysts detected in the tongue or 
skeletal muscle. In a section of skeletal muscle, a cyst 
morphologically consistent with Sarcocystis neotomafelis was 
observed with no associated tissue reaction (Fig. IF; Galaviz-
Silva et a!., 1991). 
Isolation attempts for Besnoitia sp. were compromised due to 
autolysis of samples during shipping to the laboratory (6 days 
before bioassay). The cat fed grossly visible cysts did not shed 
coccidian oocysts for 27 days after feeding tissues. Five SW and 4 
y-interferon gene knockout mice inoculated with undigested 
muscle cysts did not become infected with Besnoitia or T. gondii. 
However, 1 SW mouse inoculated with pepsin digest of brain, 
heart, and tongue became infected with T. gondii (Dubey et a!., 
2011). Genetic characterization of this T. gondii isolate is reported 
previously (Dubey et a!., 2011). Serum from the woodrat was 
seropositive for T. gondii (titer, 1:25). 
Histologic lesions not attributable to B. neotomofelis also were 
noted. Diffuse, mild-to-moderate lymphocytic proliferation was 
observed in the meninges and rare, loosely organized glial nodules 
were noted in the neuropil of the cerebrum. Immunohistochemical 
staining for T. gondii, which also reacts with Besnoitia sp. 
antigens, failed to detect any protozoal antigens in the brain. In 
addition, the cerebellar meninges contained sections of adult and 
larval nematodes morphologically consistent with· Dunnifilaria 
meningica; no inflammatory response was noted. In the liver, 
there were several random foci of necrosis and inflammation 
composed primarily of eosinophils and epithelioid macrophages 
with occasional neutrophils, lymphocytes, or plasma cells. No 
causative agents, e.g., migrating parasitic larvae, were identified in 
association with the liver lesions. In the lungs, a focal granuloma 
containing numerous fungal hyphae was observed. 
DISCUSSION 
Historically, infections with Besnoitia spp. were considered to 
be nonpathogenic for the majority of hosts, although some 
Besnoitia species, e.g., B. tarandi, B. bennetti, and B. besnoiti, are 
recognized as important pathogens for their intermediate hosts. 
Infections with B. besnoiti of domestic cattle and wild bovids, B. 
bennetti of equids, B. caprae of caprids, and B. tarandi of caribou 
can cause disease and economic losses due to the induction of 
poor body condition, edema, thickened skin, hair loss, blindness, 
vascular obstruction, severe inflammation of affected internal 
organs, and secondary infections (Leighton and Gajadhar, 2001; 
Elsheikha et a!., 2003). Recently, a series of clinical cases was 
noted in Virginia opossums (Didelphis virginiana) infected with B. 
darlingi, which has historically been considered nonpathogenic 
(A. E. Ellis, unpubl. obs.). 
Among the 3 rodent Besnoitia species (B. jellisoni, B. wallacei, 
and B. neotomofelis), clinical besnoitiosis has only previously been 
associated with B. jellisoni. Besnoitia jellisoni has been reported 
from deer mice (Peromyscus maniculatus) and kangaroo rats 
(Dipodomys ordii and D. microps), and although most infected 
kangaroo rats did not exhibit any clinical signs in captivity (Ernst 
et a!., 1968), disease has been reported in 4 naturally infected 
kangaroo rats (Chobotar et a!., 1970). Similarly, clinical disease in 
woodrats infected with B. neotomofelis seems to be rare. The 
previous study of B. neotomofelis in woodrats from southern 
Texas only detected 1 of 42 being infected, and the infected 
woodrat had no gross or histologically visible cysts and was 
clinically normal (Dubey and Yabsley, 2010). 
Interestingly, cysts of B. neotomofelis in this woodrat were 
significantly larger than the cysts described from experimentally 
infected laboratory mice and rats in Dubey and Yabsley (2010). In 
the laboratory mice and rats, the largest cyst observed was 210 flm 
compared with 634 flm in the present study (Dubey and Yabsley, 
2010). Because B. neotomofelis was pathogenic for laboratory 
mice, the cysts may not have grown as large as they would have in 
an appropriate host, and infections in laboratory rats only 
resulted in 2 small cysts (Dubey and Yabsley, 2010). Our inability 
to isolate B. neotomofelis in known strains of susceptible mice in 
the current study was probably due to autolysis of infected donor 
woodrat tissues; it seems that this species of Besnoitia is more 
susceptible to autolysis than T. gondii. 
There is currently only 1 report of S. neotomafelis; this report 
was also from the southern plains woodrat from Nuevo Leon, 
Mexico (Galaviz-Silva et a!., 1991). Cysts of S. neotomafelis were 
numerous, macroscopic, and found in several tissues, with most 
occurring in the masseter muscles. In that first report, 29% of 
woodrats (37/129) had grossly visible cysts of S. neotomafelis, but 
no clinical signs or lesions were reported (Galaviz-Silva et a!., 
1991). In the current study, only 1 S. neotomafelis cyst was found 
in the skeletal musCles of the hind limb of our besnoitiosis 
woodrat. 
It is currently unknown why this woodrat developed clinical 
besnoitiosis from the B. neotomofelis infection as in the only 
previous report of B. neotomofelis, the animal was clinically 
normal and no cysts were observed (Dubey and Yabsley, 2010). In 
the current study, no grossly visible cysts were observed in the 
other 54 woodrats, and histologic examinations of numerous 
tissues from 28 wood rats were negative for Besnoitia cysts. This 
single clinically ill woodrat could have ingested an overwhelming 
number of oocysts, or it could have been immunosuppressed for 
some unknown reason. The ill woodrat had a fungal granuloma in 
the lung, suggesting it may have been immunosuppressed; 
however, if the woodrat was immunosuppressed, a subclinical 
T. gondii infection seems unlikely. Although speculative, the 
animal had a low serologic titer to T. gondii, so it is possible the 
infection was recently acquired. 
Interestingly, the known definitive host for the 3 protozoal 
infections in this woodrat (T. gondii, B. neotomofelis, and S. 
neotomafelis) is the domestic cat (Galaviz-Silva et a!. 1991; Dubey, 
2009; Dubey and Yabsley, 2010). Feral domestic cats have been 
noted at the property where the 2 B. neotomofelis infections were 
found, and it is possible that wild fe1ids also could serve as 
definitive hosts because bobcats (Felis rufus) and cougars (Puma 
concolor) are present in the region, although both wild felids are 
rare (Schrnidly, 2004). The risk of exposure to cat feces is not 
likely uniform across a landscape because woodrats, in general, 
are asocial and maintain territories that may result in focal 
infections (Conditt and Ribble, 1997). This may explain the low 
prevalence of B. neotomofelis noted in the current and previous 
study (Dubey and Yabsley, 2010) and why a particular woodrat 
may have been exposed to high numbers of parasites if a cat 
routinely defecated in this woodrat's territory. 
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ISOLATION OF VIABLE TOXOPLASMA GONDII FROM FERAL GUINEA FOWL (NUMIDA 
MELEAGRIS) AND DOMESTIC RABBITS (ORYCTOLAGUS CUNICULUS) FROM BRAZIL 
J. P. Dubey, L. M. F. Passos*, C. Rajendran, L. R. Ferreira, S. M. Gennarit, and C. Sut 
u. S. Department of Agriculture, Agricultural Research Service, Animal and Natural Resources Institute, Animal Parasitic Diseases Laboratory, 
Building 1001, Beltsville, Maryland 20705-2350. e-mail: jitender.dubey@ars.usda.gov 
ABSTRACT: Toxoplasma gondii was isolated from a feral guinea fowl (Numida meleagris) and domestic rabbits (Oryctologus cuniculus) 
from Brazil for the first time. Serum and brains from 10 guinea fowl and 21 rabbits from Brazil were examined for T gondii infection. 
Antibodies to T gondii were found in 2 of 10 fowl and 2 of 21 rabbits by the modified agglutination test (titer 1 :25 or higher). Viable 
T gondii (designated TgNmBrl) was isolated from 1 of the 2 seropositive fowl by bioassay in mice but not from the 8 seronegative fowl 
by bioassay in cat. Viable T gondii was isolated from both seropositive rabbits (designated TgRabbitBrl, TgRabbitBr2) by bioassay in 
mice from I and by bioassay in cat from the other. The TgRabbitBrl strain was highly virulent for out-bred mice; mice fed I infective 
oocyst died of acute toxoplasmosis. The remaining 2 isolates were relatively avirulent for mice; lethal dose for mice was 10,000 oocysts. 
All 3 isolates were grown in cell culture, and tachyzoite-derived DNA were genotyped using 10 PCR-restriction fragment length 
polymorphism markers (SAGI, SAG2, SAG3, BTUB, GRA6, c22-8, c29-2, L358, PKI, and Apico). The TgNmBrl was found to be 
clonal Type II, a rare finding in Brazil in any host. The rabbit isolates were atypical, similar to isolates from cats from Brazil 
(TgRabbitBrl was identical to TgCatBr5, and TgRabbitBr2 was identical to TgCatBrl, a common genotype in Brazil denoted type 
Brll). This is the first genetic characterization of T gondii isolates from the rabbits and guinea fowl in Brazil and the first host record 
for T gondii in the guinea fowl. 
Cats are considered key in the transmISSIOn of Toxoplasma 
gondii to humans and other animals because they are the only 
hosts that can excrete the environmentally resistant oocysts in 
their feces (Dubey, 2010). Small mammals and birds are con-
sidered important sources of infection for cats. We report isola-
tion of viable T gondii from feral guinea fowl and domestic 
rabbits for the first time from Brazil. 
MATERIALS AND METHODS 
Naturally infected animals 
Samples (serum and brain tissue) were obtained from 10 feral guinea 
fowl (Numida meleagris) and 21 domestic rabbits (Oryctologus cuniculus) 
from the Metalurgica region of the State of Minas Gerais, Brazil (latitude 
19°55'0"S, longitude 43°56'0", and 770 m above sea level). Samples were 
transported with ice packs by air from Brazil to the Animal Parasitic 
Diseases Laboratory (APDL), Beltsville, Maryland. Samples were received 
in 2 batches (9 rabbits received 18 November 2002 and 10 guinea fowl and 
2 rabbits received 5 February 2003). 
Serological examination 
Sera from animals were examined for T gondii antibodies at 1:5 or 1:25 
dilution using the modified agglutination test (MAT) as previously des-
cribed by Dubey and Desmonts (1987). 
Bioassay in mice and cats for T. gondii 
Tissues of all guinea fowl and seropositive rabbits were bioassayed for 
T gondii. Tissues were digested in pepsin and bioassayed in mice as 
previously described by Dubey (2010). Briefly, tissues were homogenized 
in saline (0.85% NaCI), mixed with acidic pepsin, and incubated in a 
shaker water bath for 60 min at 37 C. The homogenate was filtered 
through 2 layers of gauze, centrifuged, sediment neutralized with sodium 
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bicarbonate, centrifuged again, and mixed with antibiotics. The homog-
enate was inoculated subcutaneously into 5 Swiss Webster (SW) out-bred 
albino mice (Dubey, 2010). All inoculated mice were observed daily for 
illness. Impression smears from the lung of dead mice, or those killed when 
ill, were examined for T gondii tachyzoites. 
Survivors were bled on day 41 post-inoculation (PI) from the retro-
orbital plexus, and a I :25 dilution of serum from each mouse was tested 
for T gondii antibodies with the MAT. Mice were killed 60 days PI and 
squash preparations of brains were examined for the presence of tissue 
cysts as previously described by Dubey (2010). 
Brains of all 8 seronegative (MAT <1:5) fowl were pooled and fed to 
a T gondii-free cat as described (Dubey, 1995). Brain tissue from 1 
seropositive rabbit was fed to another cat. Feces of cats were examined for 
T gondii oocysts starting 3 days PI as described previously (Dubey, 2010). 
Briefly, feces were floated in 33% sucrose solution, oocysts collected from 
the very top of the float, centrifuged, sediment suspended in 2% sulfuric 
acid, aerated in a shaker at room temperature for I wk, neutralized with 
3.3% NAOH, and inoculated orally into 2-5 mice. The inoculated mice 
were observed for 2 mo and examined for T gondii infection. 
Initially, all T gondii isolates were cryopreserved in liquid nitrogen, in 
2002-2003, using homogenates of tissues of infected SW mice. In 2010, 
these isolates were thawed and revived in 1-4 gamma interferon gene 
knock-out (KO) mice, The inoculated KO mice died of acute toxoplas-
mosis and homogenates of their lungs were seeded onto CVI cells. 
Tachyzoites from cell cultures were cryopreserved in liquid nitrogen. 
Pathogenicity of oocysts of the 3 strains of T. gondii isolates 
in mice 
Oocysts were obtained by feeding infected tissues of mice to cats. 
Oocysts were counted in a disposable hemocytometer and diluted 10-fold 
from 10- 1 to 10-7 to reach an end point of ~ oocyst. Aliquots (0.5 ml) 
from each dilution were orally inoculated into 5 SW mice (Table I). The 
last infective dilution was considered to have I viable organism for data 
presentation (in Table I). 
Genetic characterization for T. gondii 
Toxoplasma gondii DNA was extracted from cell-culture-derived 
tachyzoites and strain typing was performed using the 10 PCR-restriction 
fragment length polymorphism (RFLP) markers SAGI, SAG2, SAG3, 
BTUB, GRA6 c22-8, c29-2, L358, PKI, and Apico (Su et aI., 2006; Su and 
Dubey, 2009; Su et aI., 2010). 
RESULTS 
Antibodies to T gondii were found in 2 guinea fowls in titers of 
1:10 in 1 and 1:20 in the other. Toxoplasma gondii was isolated 
TABLE I. Infectivity and pathogenicity of oocysts from 3 isolates of 
Toxoplasma gondii from guinea fowl and rabbits from Brazil. 
Toxoplasma gondii strain 
Dose TgNmBrl TgRabbitBrl TgRabbitBr2 
100,000 5 (4,5,6,6,6)* 5 (5,6,6,6,6) 5 (4,5,5,5,5) 
10,000 5 (6,6,7,7,10) 5 (6,6,6,6,6) 5 (7,11) 
1,000 5 (7,10) 5 (8,8,8,8,8) 5 
100 5 5 (9,9,9,10,10) 5 
10 5 2 (11,12) 4 
1 2 I (12) 2 
* No. of mice infected with T. gondii of 5 mice inoculated orally with oocyst aliquots 
from each dilution. The number in parentheses is day of death of each mouse. All 
TgRabbitBri infected mice died of acute toxoplasmosis. 
from brain tissue of fowl with a MAT titer of 1:10; this isolate is 
designated here as TgNmBrl. The mice inoculated with brain 
tissue of fowl remained asymptomatic and antibodies to T. gondii 
were found in 1 of 5 mice when bled 60 days PI. Tissue cysts were 
found in the seropositive mice when killed 77 days PI; brain 
homogenate of this mouse was cryopreserved in liquid nitrogen 
and sub-inoculated into 2 SW mice that developed patent T. 
gondii infection. The cat that was fed brains of 8 seronegative fowl 
did not shed oocysts. 
In 2010, TgNmBrl was revived in 4 KO mice. Two of the 4 KO 
mice inoculated with the thawed brain homogenate became ill and 
were killed 20 days PI; their lung homogenates were seeded onto 
CVl cells for culture, and tissues were fed to a cat to obtain 
oocysts. The cat shed 800 million oocysts. 
Antibodies to T. gondii were found in 2 rabbits (MAT 1: 100 in 
1 and 1:40 in the other). Viable T. gondii was isolated from both 
rabbits. The cat fed brain of the rabbit with a MAT titer of 1: 100 
shed oocysts. Four of the 5 mice fed oocysts died of acute 
toxoplasmosis and tachyzoites were found in their mesenteric 
lymph nodes 7 days PI; tissue cysts were found in the fifth mouse 
when killed 104 days later. The homogenate of infected mesenteric 
lymph nodes was cryopreserved and inoculated into 2 SW mice; 
both inoculated mice became infected with T. gondii. This isolate 
is designated TgRabbitBrl. 
Four of the 5 mice inoculated with brain homogenate of rabbit 
with a MAT titer of 1:40 died of toxoplasmosis 14, 15, or 32 days 
PI; the other 2 mice remained seronegative and tissue cysts were 
not found in their brains 71 days PI. Lung homogenate from the 
mouse that died day 14 PI was cryopreserved in liquid nitrogen 
and inoculated into 2 SW mice; these mice died 14 days PI and 
their tissues were fed to a cat that shed oocysts. This isolate is 
designated TgRabbitBr2. 
Both the rabbit isolates were revived in 2010 in KO mice. The 
inoculated KO mice became ill and were killed 14 days PI. 
Tachyzoites were found in the lungs of these mice and these were 
seeded onto CV 1 cells and were also inoculated into SW mice. 
Toxoplasma gondii tachyzoites grew in inoculated cell cultures. 
Mice inoculated with rabbit strains also acquired T. gondii. 
Oocysts of both isolates were obtained by feeding infected mouse 
tissues to cats. 
Virulence of the 3 T. gondii isolates in mice varied (Table I). 
TheTgRabbitBrl was the most virulent. All mice fed TgRabbit-
Brloocysts died of acute toxoplasmosis between 4 and 12 days PI, 
depending on the dose; neither antibodies nor tissue cysts were 
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found in mice that survived for 2 mo. The remaining 2 isolates 
were mildly virulent for mice (Table I). 
The T. gondii strain from the fowl was clonal Type I at all loci 
(Table II). The rabbit strains were atypical and matched 100% 
with TgCatBrl and TgCatBr5, originally isolated from feral cats 
from Parana, Brazil (Dubey et aI., 2004; Pena et aI., 2008). 
DISCUSSION 
The isolation of T. gondii from rabbits is of historical and 
biologic significance. A T. gondii-like parasite was found in a rabbit 
from Sao Paulo, Brazil by Splendore (1908) and in a rodent, 
Ctenodactylus gundi, from Tunisia by Nicolle and Manceaux (1908, 
1909). This parasite was originally considered Leishmania sp. and 
subsequently named Toxoplasma gondii in 1909 by Nicolle and 
Manceaux. The rabbits were captive in the laboratory of Splendore 
and no clinical signs were observed before death (Splendore, 1908). 
Since then, very little is known of T. gondii infection in rabbits from 
Brazil. Ferreira et al. (2001) described mouse pathogenicity of a 
strain of T. gondii (N strain) from a rabbit reported to be from an 
outbreak of toxoplasmosis in rabbits in Sao Paulo, Brazil 1952; 
all mice inoculated by Ferreira et al. (2001) with as few a 1-10 
tachyzoites died of toxoplasmosis. Genetic characterization using 8 
RFLP loci revealed that the N strain had a combination of Type I, 
II, and III loci (Ferreira et aI., 2006). Although the RFLP markers 
used to type the N strain were not all the same as those in our 
present study, among the 4 shared markers (SAG1, 5'+3'SAG2, 
SAG3, and GRA6), the N strain has the same alleles with 
TgRabbit2 at loci SAG!, 5'+3'SAG2, and SAG3 but differs at 
locus GRA6 with a Type II allele. The N strain differs from 
TgRabbitl at loci 5' +3'SAG2 and GRA6. Therefore, it is clear that 
these T. gondii strains from rabbits are not the same. The origin and 
source of N strain is not clear. A recent personal inquiry (1. P. 
Dubey, 28 October 2010 to R. W. A. Vitor) revealed that the N 
strain was brought to Belo Horizonte from Sao Paulo in 1971 by 
Maria Paumgarten Deane (Deane and Nussenzweig, 1959). For the 
most part, the strain was maintained by twice weekly inoculation, 
intraperitoneal, in mice. Whether the strain changed biologically 
and genetically is unknown; prolonged mouse passage can alter 
T. gondii strain pathogenicity and, perhaps, geneticity (Dubey and 
Beattie, 1988; Dubey, 2010). 
Sogorb et al. (1972) reported Sabin Feldman dye test antibodies 
in 12 of 20 rabbits from Sao Paulo and isolated T. gondii from 2 
of 3 rabbits with titers of 1:4,096; no other details were given 
concerning the mouse pathogenicity of these isolates. In the 
present study, we fully characterized 2 rabbit isolates using 10 
RFLP markers. The rabbits were from Minas Gerais, approxi-
mately 600 km from Sao Paulo. The results indicate that these 
isolates from rabbits are widely spread in Brazil. Indeed, 
TgRabbitBr2 belongs to the common type BrII in Brazil, which 
was identified in cats and dogs in several states of this country 
(Pena et aI., 2008). 
The isolation of T. gondii from rabbits is of public health 
importance because the demand for rabbit meat for human 
consumption is increasing (Dubey, 2010). There are no regula-
tions for the slaughter of these animals commercially. In Brazil, 
rabbits are raised on small farms or by individual farmers in an 
environment frequented by cats; the meat is then sold in open 
markets. There is a need for a larger study on the prevalence of 
T. gondii infection in rabbits. 
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TABLE II. Genetic characterization of Toxoplasma gondii from guinea fowl and rabbits from Brazil. 
Toxoplasma 
gondii isolate SAG! 5'+3' SAG2 alt.SAG2 SAG3 
RH88 I I I 
PTG II or III II II II 
CTG II or III III III III 
TgCgCal I II II III 
MAS u-l I II III 
TgCatBr5 I III III III 
TgNmBrl* II or III II II II 
TgRabbitBri t I III III III 
TgRabbitBr2i I I II III 
• Clonal Type II. 
t Identical to TbCatBr5 (Pena et aI., 2008). 
t Identical to TgCatBri (pena et aI., 2008). 
The isolation of T gondii from 1 guinea fowl is also interesting 
because these birds are common in parks and zoos in Brazil, 
where they are an easy prey for cats. To our knowledge, there is 
no record of T gondii prevalence in the guinea fowl. 
Humans become infected post-natally by ingesting tissue cysts 
from undercooked meat, consuming food or drink contaminated 
with oocysts, or by accidentally ingesting oocysts. However, only 
a small percentage of exposed adult humans or other animals 
develop clinical signs of disease. It is unknown whether the sever-
ity of toxoplasmosis in immunocompetent hosts is due to the 
parasite strain, host variability, or to other factors. Recently, 
attention has been focused on the genetic variability among 
T. gondii isolates from apparently healthy and sick hosts (Howe 
et al., 1997; Grigg et al., 2001). Severe cases oftoxoplasmosis have 
been reported in immunocompetent patients considered to be due 
to infection with atypical T gondii genotypes (Ajzenberg et al., 
2004; Demar et al., 2007; Elbez-Rubinstein et al., 2009; Grigg and 
Sundar, 2009). 
Most T gondii isolates from human and animal sources in 
North America and Europe have been grouped into 1 of 3 
clonal lineages including Types I, II, and III (Darde et al., 1992; 
Howe and Sibley, 1995; Ajzenberg, Baiiuls et al., 2002; 
Ajzenberg, Cogne et al., 2002; Ajzenberg et al., 2004; Khan 
et al., 2007). When tachyzoites are used to infect out-bred mice, 
Type I strains are uniformly lethal. In contrast, Type II and III 
strains are significantly less virulent (Howe et al., 1996). In the 
present study, only 1 of the rabbit strains was highly mouse 
virulent, although both had atypical genotypes with Type I and 
Type III alleles at several markers (Table I). 
Toxoplasma gondii was considered to be clonal, with low 
genetic diversity (Howe and Sibley, 1995). However, we recently 
found that the isolates of T gondii from Brazil are biologically 
and genetically different from those in North America and 
Europe (Dubey et al., 2002; Lehmann et al., 2006; Dubey and Su, 
2009). Toxoplasma gondii isolates from asymptomatic chickens 
from mainland Brazil were, in general, more pathogenic to mice 
than were isolates from Europe or North America. Additionally, 
most isolates from chickens in Brazil were different from the 
major clonal lineages in North America and Europe, and the Type 
II strain was absent or rare (Dubey and Su, 2009). However, 
recently we reported that the Type II strain was frequent in 
chickens from the Fernando de Noronha, separated from 
Genetic markers 
BTUB GRA6 c22-8 c29-2 L358 PKI Apico 
I 
II II II II II II II 
III III III III III III III 
II II II u-I I u-2 I 
III III u-I I III I 
III III I I I u-I I 
II II II II II II II 
III III I u-I 
III III III II III 
mainland Brazil by 354 km (Dubey et al., 2010). Because 
Fernando de Noronha was occupied by Europeans, it is likely 
that the Type II strain in Fernando de Noronha spread from 
Europe. More recently, da Silva et al. (2011) reported that 2 of 13 
T gondii isolates from sheep in Sao Paulo were Type II at 9 loci 
but Type I at Apico. Since these sheep were of the Polwarth breed 
that was originated from Australia, the Type II strains isolated 
may be imported into Brazil. In the present study, the isolate from 
the guinea fowl was Type II at all 10 loci. Again, as guinea fowl is 
native to Africa and was introduced to the New World in recent 
history, the Type II T gondii strain may also be introduced to 
Brazil from other regions of the world. To our knowledge, this is 
the first report of clonal Type II strain from mainland Brazil in 
. any host. 
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LINKING LARVAE AND ADULTS OF APHARYNGOSTRIGEA CORNU, HYSTEROMORPHA 
TRILOBA, AND ALARIA MUSTELAE (DIPLOSTOMOIDEA: DIGENEA) USING 
MOLECULAR DATA 
Sean A. Locke, J. Daniel McLaughlin*, Angela Rose Lapierre*, Pieter T. J. Johnsont, and David J. Marcogliese 
Fluvial Ecosystem Research Section, Aquatic Ecosystem Protection Research Division, Water Science and Technology Directorate, Science and 
Technology Branch, Environment Canada, S1. Lawrence Centre, 105 McGill Street, 7th Floor, Montreal, QC H2Y 2E7, Canada, e-mail: sean.locke@ 
ec,gc,ca 
ABSTRACT: Because the taxonomy of trematodes is based on adults, the larval stages of most digeneans cannot be identified to species 
based on morphology alone, Molecular data provide a means oflinking larval stages to known adults, We obtained sequences from the 
barcode region of cytochrome oxidase I (COl) from adult and larval parasites of fish, frogs, birds, and mammals across North 
America. Sequences from adult Apharyngostrigea cornu, Hysteromorpha tri/oba, and Alaria mustelae (Diplostomoidea: Digenea) from 
definitive hosts matched those of meta- and mesocercariae from fish and frogs. These data provided new information on the 
distributions of all 3 parasite species. Metacercariae of A. cornu, which have not been previously reported in North American hosts, 
were found in Notemigonus crysoleucas, Pimephales notatus, and Catostomus commersonii in the St. Lawrence River. Metacercariae of 
H. tri/oba are reported in Canadian waters and in N. hudson ius for the first time, Alaria mustelae is reported for the first time in frogs 
from Quebec, Canada, and an additional species of Alaria was detected in California. Sequences of internal transcribed spacer rDNA 
from a subset of specimens support the same species boundaries indicated by COl divergence. There was little divergence in COl 
sequences from an unidentified diplostomid species sampled at a large spatial scale. 
The life cycles of many parasites are poorly known, Among 
digeneans, for example, it is often difficult to identify the host 
species used during different phases of a parasite's life cycle. This 
is because the alpha taxonomy of digeneans is based on the mor-
phology of the adult, and this information generally cannot be 
linked to larval stages bearing little resemblance to adults, 
This problem is acute for metacercariae in the Diplostomoidea, 
in which even generic level identification is often difficult. For 
example, species in 6 genera in the Strigeidae (Diplostomoidea: 
Digenea) are frequently reported in birds (Dubois, 1968; Sulgos-
towska, 2007), but their metacercariae are often lumped into a 
single larval genus, Tetracotyle (Gibson, 1996; Hoffman, 1999), 
Niewiadomska (1970) listed morphological characters for distin-
guishing among genera within Tetracotyle metacercariae, but these 
distinctions are seldom made in practice. The same problem occurs 
in other diplostomoid taxa. Characters exist for distinguishing 
among genera of metacercariae (Shoop, 1989), yet specimens are 
identified as larval types such as Neascus, Diplostomulum, and 
Prohemistomulum (Gibson, 1996; Hoffman, 1999). As a result of 
these uncertainties, the second intermediate host species used by 
most diplostomoid species remain poorly known. 
The classical method of elucidating trematode life cycles is the 
experimental infection of animals in the laboratory (Bosma, 1934; 
Ostrowski de Nunez, 1989). In addition to clarifying life cycles, 
these studies can provide information on important parasite life-
history parameters, such as the proportion of infective stages that 
survive within the host (Voutilainen et aI., 2010). However, such 
research is logistically demanding, and it is usually feasible to 
study only a single parasite species and a small number of host 
species. In addition, it is often necessary to use non-natural hosts 
in experimental studies, which reduces their relevance to parasite-
host associations in nature. 
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Molecular data obtained during parasite surveys provide an 
alternative means oflinking the larval stages of parasites to known 
adults (Jousson et aI., 1998; Overstreet et aI., 2002; Jensen and 
Bullard, 2010; Caffara et aI., 2011). Here, we present data from 
ongoing survey work using molecular data to discriminate and 
identify species of digeneans that parasitize aquatic wildlife. Our 
surveying was opportunistic; we sampled fish and frogs that are 
abundant and easily collected in the st. Lawrence River Valley 
near Montreal, Canada, as well as host and parasite material 
contributed by colleagues working in other systems. Thus, our 
sampling is not designed to examine the life cycle of any particular 
species and our results probably reflect host-parasite associations 
that are common in nature. Much of our effort focuses on the 
diplostomoids because these are common parasites of fishes and 
amphibians in the st. Lawrence River (Marcogliese et aI., 2006; 
King et aI., 2007; Locke, McLaughlin, and Marcogliese, 2010). The 
results presented here pertain to the life cycles of Apharyngostrigea 
cornu, Hysteromorpha tri/oba, and Alaria mustelae. In addition, we 
present data from closely related species to evaluate the capacity of 
the molecular markers used to resolve species. 
MATERIALS AND METHODS 
Host animals (species listed in Results) were collected from Nova Scotia, 
Quebec, and Ontario, Canada; New Hampshire; and California by us and 
collaborators provided additional material (Fig. I). Some animals were 
necropsied immediately after death, others were killed in the field and then 
frozen, and some were found dead and then frozen until necropsy. 
Metacercariae were removed from cysts; fixed in 70, 95, or 100% ethanol, 
depending on source; and stored at -20 C. 
DNA was extracted from individual specimens as described in 
Moszczynska et al. (2009). The DNA barcode region of cytochrome 
oxidase I (COl) and internal transcribed spacer (ITS) 1 , 5.8S, and ITS2 were 
amplified and sequenced using the protocols and primers described in 
Moszczynska et al. (2009). 
Sequence data were subjected to BLAST searches and compared with our 
own unpublished database, which in all cases produced the closest matches. 
Interspecific divergence was calculated from net Kimura-2-parameter (K2P) 
distances by using MEGA 4.0, i.e., mean interspecific minus mean 
intraspecific K2P (Tamura et aI., 2007). Inter- and intraspecific K2P 
distances were calculated using pairwise deletion. 
Two types of morphological vouchers for sequence data have been 
deposited in the U.S. National Parasite Collection (USNPC, Beltsville, 
1) C01 
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FIGURES 1-2. Neighbor-joining analysis of K2P distances between partial COl (1) and partial ITSI-5.8S-ITS2 (2) sequences from diplostomoids 
from fish, amphibian, bird, and mammal hosts collected across North America. Empty boxes indicate sequence from meta- or mesocercariae, and solid 
boxes indicate sequence from adult parasites. Sequences of both COl and ITS were obtained from specimens indicated by boxes I-II, i.e., sequence I in 
Figures 1 and 2 originate from the same individual A. mustelae. Identification and hosts are listed beside each cluster in Figure 1. In parentheses next to 
each host species is the number of specimens sequenced and the number of hosts from which sequenced specimens were obtained, e.g., sequences from 8 
mesocercariae collected from 2 different A. boreas are included in the Alaria sp. 2 cluster of sequences. Encircled letters on branches in Figure I 
correspond to collection localities of all specimens in the corresponding cluster; localities are shown on the map. Both phenograms are on the same scale 
and based on pairwise comparison of sites common to 80% of all sequences (416 sites, 89 sequences of COl; 875 sites, II sequences of ITS). Six short, 
non-overlapping ITS sequences (2 from A. pipientis and 4 from Alaria sp. 2, identical to conspecifics in Fig. 2) are not shown because they cannot 
be aligned. 
Maryland; accessions listed in Results). True morphological voucher 
specimens were obtained in cases where DNA was extracted from part of 
a specimen, and the remainder were stained and mounted on a slide. 
Generally, however, this was not possible because of the small size of these 
organisms. We therefore also collected "bulk lot vouchers," i.e., a specimen 
destined for DNA extraction was paired with I, or more, apparently 
identical specimens from the same tissue of the same individual host that 
were stained and mounted on slides. All sequences, chromatograms, 
collection data, specimen images, and voucher accession information are 
available for each specimen at www.barcodinglife.org in project TREMA. 
Seventy-seven of 106 sequences are presented here for the first time. 
The remainder were published by Moszczynska et al. (2009) and Locke, 
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McLaughlin, and Marcogliese (2010). All sequences are deposited 
in GenBank (accessions FJ477181, FJ477182, FJ477188, FJ477203, 
HM064712-HM064717, HM064883-HM064887, HM064894-HM064901, 
HM064925-HM064927,HM064966-HM064969,JF769422-JF769486,and 
JF904528-JF904538). 
Flukes were identified by comparison with specimens from the USNPC 
(accessions 51966, 76595, 78085, 87700, 90992, 90993, 92289, 92290, 
92292) and descriptions in Hughes (1929), Bosma (1934), Olivier (1940), 
Byrd and Ward (1943), Chandler (1942), Chandler and Rausch (1948), 
Hugghins (1954), Dubois (1968,1970), Johnson (1979), and McAlpine and 
Burt (1998). 
RESULTS 
Alaria mustelae, Alaria spp., and Fibricola sp. 
Bi-directional COl sequences were obtained from 15 specimens 
and in 1 direction from 5 additional specimens, from 48 A. mustelae 
assayed in total. The COl sequences of adults from a mink 
(Neovison vison) found dead on Fighting Island (Detroit River, 
Ontario) were identical, or similar to, those of mesocercariae from 
adult Lithobates pipiens collected near Montreal and Lithobates 
clamitans from New Hampshire. The mean K2P distance among 
sequences was 1% (range, 0-2.2%), and there was no variation 
among translated amino acids. The ITS sequences of 2 mesocer-
cariae from L. clamitans differed by 0.46%. Bulk lot vouchers were 
obtained for 12 adults (USNPC 104573) but for no mesocercariae. 
The most similar COl sequences to those of A. mustelae were 
from Alaria mesocercariae from Quebec and California corre-
sponding to 2 unidentified species (Fig. 1). Interspecific divergence 
in COl sequences among the 3 Alaria spp. ranged from 10.8 to 
13.7%. Two specimens of Alaria sp. 1 with identical COl sequences 
were obtained from the same L. pipiens collected near Montreal 
(see above) that was infected by A. mustelae. Alaria sp. 2 was found 
in Anaxyru$ boreas, Lithobates catesbeianus, and Pseudacris regilla 
collj.X!ted "from 5 localities in California. The mean K2P distance 
among COl sequences from all specimens of Alaria sp. 2 was 1.5% 
(range, 0-3.1%), and there was a single amino acid insertion in 1 
sequence. Among 8 specimens yielding bi-directional sequences of 
high-quality, mean intraspecific K2P was 0.9% (range, 0-1.8%), 
and there was no variation in translated amino acids. Identical ITS 
sequences were obtained from 6 specimens of Alaria sp. 2. Limiting 
the comparison to longer, overlapping sequences of better quality, 
net divergence in ITKbetween A. mustelae and Alaria sp. 2 was 3% 
for 749 positions. 
Sequences of COl indicated diplostomid specimens from L. 
pipiens in Quebec and Rana aurora in California were the same 
species. Sequences from these specimens did not match those of 
any adults, and the species is tentatively assigned to the genus 
Fibricola based on Chandler (1942) (Fig. 1). COl sequences from 
this widely distributed species varied by mean K2P of 0.4% 
(range, 0-0.7%). The COl sequence of the specimen from Quebec 
varied little (0.3-1.0%) from those from California. A bulk lot 
voucher was obtained for the Quebec specimen (USNPC 104576). 
Hysteromorpha triloba 
Bi-directional COl sequences were obtained from 23 specimens 
and in 1 direction from 4 additional specimens, from 48 H. tri/oba 
assayed in total. The COl sequences of adults from a double-
crested cormorant (Phalacrocorax auritus) found dead on Snake 
Island, Lake Erie, in 2008 were identical or similar to those of 
metacercariae from Notropis hudson ius, Notemigonus crysoleucas, 
Ictalurus nebulosus, and Catostomus commersonii (Fig. 1). These 
fish were caught between 2006 and 2009 at 8 localities in the 
St. Lawrence and Ottawa rivers (Quebec, Ontario) and Feely Lake, 
Nova Scotia. Identical ITS sequences were obtained from 4 
specimens sequenced for COl, namely, a metacercaria from 
N. hudson ius and from 3 metacercariae from 3 C. commersonii, 
all from the Ottawa and St. Lawrence rivers. The mean K2P 
distance among the 27 COl sequences was 1.5% (range, 0-4.6%) 
and similar values were obtained if only the best-quality, 
overlapping regions of bi-directional sequences were analyzed. 
Two specimens had identical COl sequences that were relatively 
divergent from those of all other specimens (K2P = -4.0%; see 
upper branch within H. tri/oba cluster in Fig. 1), among which 
there was less variation (mean K2P = 1.0%; range, 0-2.4%). This 
pair of divergent COl haplotypes occurred in 1 of 3 metacercariae 
sequenced from the same individual C. commersonii from Nova 
Scotia and in the only metacercaria sequenced from a N. 
crysoleucas from the Ottawa River. Sequences of COl from the 
other 2 metacercariae from the same individual C. commersonii 
from Nova Scotia were not particularly divergent from other 
specimens (mean K2P divergence, 1.1%; range, 0.3-2.4%). There 
were no differences in the translated amino acid sequences among 
the 23 bi-directional CO 1 sequences, including the 2 specimens with 
divergent COl haplotypes. 
Other than a thymine insertion in the ITSI of 1 sequence, there 
were no differences in the 1,107-bp alignment of ITSl-5.8S-ITS2 
from 4 metacercariae from different fish collected from different 
localities in the St. Lawrence River. 
True morphological vouchers for sequences were obtained from 
3 adult H. tri/oba (USNPC 104570). Bulk lot vouchers were 
obtained for 4 adults (USNPC 104569) and 5 metacercariae of 
this species (USNPC 104571-104572). 
Apharyngostrigea cornu and Apharyngostrigea pipientis 
Bi-directional COl sequences were obtained from 6 specimens 
and in 1 direction from 8 additional specimens of A. cornu. The 
COl sequences from adults from a heron (Ardea herodias) collected 
in 2006 at lIe aux 'Herons, Lake St. Louis, in the St. Lawrence 
River, were identical or similar to those of metacercariae from 
Notemigonus crysoleucas, Pimephales notatus, and C. commersonii 
from several localities in the St. Lawrence River. The mean 
intraspecific K2P distance among the 14 COl sequences was 0.5% 
(range, 0-1.6%). There was no variation in translated amino acid 
sequences. ITS sequence was obtained from a metacercaria from C. 
commersonii. 
True vouchers were obtained for 2 adults (USNPC 104574) but 
not for metacercariae of A. cornu. Bulk lot vouchers were 
obtained for all adults (USNPC 104574). No vouchers were 
obtained for metacercariae, which were the tetracotyle type. 
Apharyngostrigea cornu differed from another species in our 
database by 7.6% in COl and 0.5% in ITS sequences (Fig. 1). 
These metacercariae were obtained from L. pipiens from Quebec 
and are tentatively identified as A. pipientis, based on overall 
morphology, lack of a pharynx, encystment characteristics, 
infection site, host, and sequence similarity to A. cornu (bulk lot 
voucher 104575 has been deposited in the USNPC). Mean 
intraspecific K2P distance among COl sequences from 5 A. 
pipientis was 1.0% (range, 0.3-1.6%), and there was no variation 
in translated amino acid sequences. There were no differences 
among ITS sequences from 3 of the same specimens of A. pipientis 
from which COl data were obtained. 
DISCUSSION 
Using molecular markers, we were able to link morphologically 
indistinct larval stages of 3 species of digeneans with known adults 
in surveys of naturally infected hosts from across North America. 
This provided new information on the geographic distribution and 
second intermediate host spectra of all 3 identified species. Similar 
information was obtained for several related species of larval 
digeneans that could not be identified to species. 
Apharyngostrigea cornu is commonly encountered in surveys of 
ardeids (Navarro et aI., 2005), but little is known of the spectrum 
of its second intermediate hosts. Metacercariae occur in cyprinid 
fishes in the Volga River (Dubois, 1968) and in Iraq (Salih et aI., 
1988), but there are no data from the New World. With the 
exception of an introduced species, Cyprinus carpio, the second 
intermediate hosts of A. cornu listed by Dubois (1968) and Salih 
et al. (1988) do not occur in the New World, yet the parasite is 
common in North American ardeids (Byrd and Ward, 1943; 
Flowers et aI., 2004). This species was previously unknown in 
N. crysoleucas, P. notatus, and C commersonii; the latter species is 
the first record in a catostomid host. These specimens were among 
numerous morphologically similar tetracotyle metacercariae 
sequenced from a large and diverse sample of sympatric fishes 
(Locke, McLaughlin, and Marcogliese, 2010). Taken together, 
the present study and previous records suggest metacercariae of 
A. cornu are specific to cyprinids and may occasionally infect 
catostomids (Cypriniformes) and that this specificity is stable across 
its global distribution (see gamma specificity of Krasnov et aI., 2011). 
There are few studies of the life cycles of other species of 
Apharyngostrigea (Dubois, 1968). In Argentina, Ostrowski de 
Nunez (1989) experimentally verified 2 fish species (Poecilidae, 
Cichlidae) as competent hosts of Apharyngostrigea simplex meta-
cercariae. It is tempting to speculate that unidentified Apharyngos-
trigea in Mexican cichlids (Vidal-Martinez et aI., 2001) may be the 
same species. However, Ukoli (1967) suggested that A. simplex and 
Apharyngostrigea serpentia are transmitted to definitive hosts by 
amphibians. Finally, in contrast to A. cornu that has been almost 
exclusively reported from definitive hosts, A. pipientis is nearly 
always encountered in second intermediate hosts (Ranidae), 
including in our study area (Olivier, 1940; McAlpine and Burt, 
1998; King et aI., 2007). We are aware of only 1 record of adults 
recorded in naturally infected hosts (SepUlveda et aI., 1999). The 
molecular data provided here will be useful for further studies of the 
life cycles of A. cornu, A. pipientis, and other species of Apharyn-
gostrigea. Our results also support the notion that metacercariae of 
A. cornu and A. pipientis are specific to cypriniform fishes and ranid 
frogs, respectively, across a large geographic scale. 
Both nuclear and mitochondrial markers differed between A. 
mustelae and Alaria sp. 2, but there is another way to interpret this 
observation. Genetic structure may arise in geographically distant 
populations of single species, particularly in those with low 
dispersal potential (Irwin, 2002; Kuo and Avise, 2005). Because 
their definitive hosts are terrestrial mammals, species of Alaria are 
probably less widely dispersed than diplostomoids that mature in 
more vagile avian hosts. Thus, it could be argued that the COl and 
ITS divergence between Alaria spp. specimens collected in Quebec 
and New Hampshire and those from California reflects the spatial 
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separation of samples within 1 species (A. mustelae) rather than 
divergence between 2 (A. mustelae and Alaria sp. 2). However, in 
this case the levels of genetic divergence (~1O% in COl, 3% in ITS) 
are high even for fragmented populations of a single, low-dispersal 
species (Meyer and Paulay, 2005). More generally, if sequence 
divergence levels within species sampled on large spatial scales 
overlap with divergence levels between species, this could pose a 
problem for the sequence-based identification approach used here. 
In this context, the species tentatively identified as Fibricola sp. 
provides a useful counter example. Despite the large spatial scale at 
which this species was sampled, there was little divergence in COl 
sequences in material from Quebec and California. By analogy, this 
suggests that speciation, not isolation by distance, is the mechanism 
responsible for the genetic variability among specimens of A. 
mustelae and Alaria sp. 2. 
Alaria mustelae was already known to infect all host species in 
which we recorded it (Bosma, 1934) but had not previously been 
reported in frogs in Quebec. Bosma (1934) and Johnson (1979) 
documented natural infections of A. mustelae in ranids through 
the identification of experimentally obtained adults. In hylid 
hosts, in contrast, records of A. mustelae are based on identifi-
cations of mesocercariae or cercariae (Yoder and Coggins 1996, 
2007; Johnson et aI., 1999). In our experience, distinguishing 
species of Alaria spp. mesocercariae (following Johnson, 1970) is 
difficult. It is notable that we recorded Alaria sp. 2 in the same 
region and the same hylid host species in which Johnson et al. 
(1999) reported A. mustelae, i.e., Pseudacris (Hyla) regilla, from 
California. Thus, molecular confirmation of A. mustelae in hylids 
is desirable. Finally, we found individual L. pipiens was infected 
by both A. mustelae and Alaria sp. 1. Similar reports by Hofer 
and Johnson (1970) and Johnson (1979) indicate concomitant 
infections by multiple species of Alaria are probably common in 
this host. 
Molecular methods of discriminating species are also relevant 
to human health risks posed by Alaria spp. Several cases of 
alariosis (species unknown) resulting in illness or death have been 
documented in North America, and treatment varies for different 
trematodiases (M6hl et aI., 2009; Fried and Abruzzi, 2010). 
Hysteromorpha trilMa is cosmopolitan and the only species in 
this genus known in North America (Dubois, 1968). Because no 
closely related species occurs locally, it may be expected that 
metacercariae of H. tri/oba, a relatively large fluke, would be 
easily identified based on its morphology. However, there was no 
previous report of H. triloba in Canadian fish (Margolis and 
Arthur, 1979; McDonald and Margolis, 1995). Thus, the molecu-
lar link with the adult forms from P. auritus was useful in 
confirming the first Canadian records of H. tri/oba in fishes from 
Nova Scotia, Quebec, and Ontario. Notropis hudsonius is a new 
host record. In subsequent work, we have determined meta-
cercariae of H. triloba are common in Canadian localities, 
occurring in 37 of 106 N. crysoleucas (St. Lawrence, Ottawa, 
and Richelieu rivers), 6 of 6 I nebulosus (St. Lawrence and 
Ottawa rivers), and 12 of 27 C commersonii (St. Lawrence and 
Ottawa rivers; Feely Lake, Nova Scotia). Quantitative data are 
unavailable for N. hudsonius. The lack of previous records of 
H. tri/oba in Canadian fishes may reflect the large fluctuations in 
populations of its definitive host P. auritus over the past century 
(Weseloh et aI., 1995). 
Both experimental infections and molecular surveys have 
certain advantages as methods of elucidating trematode life cycles 
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(Poulin and Keeney, 2007). One strength of the molecular 
approach is amply demonstrated by considering the vast scope 
of work necessary to reproduce the results presented here 
(3 parasite species, 3 definitive host taxa, 12 second intermediate 
host taxa, and a large geographic scale) using experimental 
infections. Molecular surveys provide an accurate reflection of 
host-parasite associations that are common in nature, whereas the 
use of non-natural hosts in experimental studies may reduce their 
relevance to natural systems. Molecular surveys can distinguish 
congeneric species of meta- or mesocercariae in individual hosts, a 
situation that is probably common in naturally infected animals 
but difficult to deal with in experimental infections (Johnson, 
1979; Galazzo et ai., 2002; Locke, McLaughlin, and Marcogliese, 
2010; present study). Ideally, molecular and experimental 
methods can be used in tandem to mutually enhance one another 
(Galazzo et ai., 2002; Overstreet et ai., 2002). 
It is our hope that the data presented here will stimulate other 
researchers to obtain COl sequences from the barcode region in 
these, and other, digeneans. Studies using both types of data 
indicate that COl resolves closely related species of digeneans as 
effectively, or better than, more commonly used ribosomal 
markers (Bell et aI., 2001; Overstreet et ai., 2002; Miura et ai., 
2005; Vilas et ai., 2005; Detwiler et ai., 2010; Locke et ai., 2010; 
Locke, McLaughlin, and Marcogliese, 2010; Razo-Mendivil et ai., 
2010; Caffara et ai., 2011; Rosas-Valdez et ai., 2011). In addition 
to clarifying species boundaries, a library of sequences from a 
standardized region of COl will be a valuable resource for better 
understanding of the life cycles and intermediate and definitive 
host spectra of digeneans across large spatial scales and a broad 
variety of host taxa. 
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FASCIOLA HEPATICA AND SCHISTOSOMA MANSON/: IDENTIFICATION OF COMMON 
PROTEINS BY COMPARATIVE PROTEOMIC ANALYSIS 
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ABSTRACT: It is not unusual to find common molecules among parasites of different species, genera, or phyla. When those molecules 
are antigenic, they may be used for developing drugs or vaccines that simultaneously target different species or genera of parasite. In 
the present study, we used a proteomic-based approach to identify proteins that are common to adult Fasciola hepatica and 
Schistosoma mansoni. Whole-worm extracts from each parasite were separated by 2-dimensional electrophoresis (2-DE), and digital 
images of both proteomes were superimposed using imaging software to identify proteins with identical isoelectric points and 
molecular weights, Protein identities were determined by mass spectrometry. Imaging and immunoblot analyses identified 28 
immunoreactive proteins that are common to both parasites, Among these molecules are antioxidant proteins (thioredoxin and 
glutathione-S-transferase), glycolytic enzymes (glyceraldehyde 6-phosphate dehydrogenase and enolase), proteolytic enzymes 
(cathepsin-L and -D), inhibitors (Kunitz-type, Stefin-I), proteins with chaperone activity (heat shock protein 70 and fatty acid-
binding protein), and structural proteins (calcium-binding protein, actin, and myosin). Some of the identified proteins could be used to 
develop drugs and vaccines against fascioliasis and schistosomiasis, 
It is not unusual to find common molecules between species of 
various genera, families, or phyla. The sharing of molecules able 
to elicit immune responses between different species of various 
genera is known as antigenic community, and it is responsible for 
antigenic cross-reactivity (Losada et ai., 2005). The sharing of 
molecules among organisms is an expected finding because there 
are many molecules, such as enzymes, hormones, receptors, etc., 
that have been conserved during evolution. This has special 
relevance for the identification of molecules with potential for 
drug or vaccine development effective against different species or 
genera of organisms. 
Fasciola hepatica and Schistosoma mansoni are digenetic 
trematodes that have a major detrimental impact on animal and 
human health worldwide (Chen and Mott, 1990; Savioli et ai., 
2002; Mas-Coma, 2005). Worldwide losses in agriculture due to 
fascioliasis are estimated at over $2 billion dollars per year due to 
an increase in animal mortality and a reduction in productivity 
(Spithill and Dalton, 1998). Moreover, more than 17 million 
persons are infected and 180 million are at risk of infection in 
endemic areas of America and Africa. Currently, there are 210 
million persons infected with S. mansoni (Berriman et ai., 2009) and 
up to 779 million people at risk of acquiring the infection (Hotez 
et ai., 2009). There are no vaccines against fascioliasis or schisto-
somiasis. The global strategy for the control of both diseases is 
the use of chemotherapy. However, only 2 drugs are currently 
available, i.e., triclabendazole against fascioliasis and praziquantel 
for schistosomiasis (Keiser and Utzinger, 2004; Keiser et ai., 2005). 
Hence, there is a need to develop novel drugs or vaccines to control 
both diseases in view of growing concern about resistance develop-
ing to existing drugs (Keiser et al., 2005; Melman et ai., 2009). The 
identification of proteins common to F hepatica and S. mansoni 
could provide targets for developing drugs or vaccines that can 
be simultaneously effective against both organisms. To date, the 
fatty acid-binding proteins (FABP-Fh15 and Sm14) have been the 
only F hepatical S. mansoni-common proteins characterized and 
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exploited as a potential dual-vaccine (Ramajo et ai., 2001; Vilar et 
ai., 2003; Ramos et ai., 2009). However, because F hepatica and S. 
mansoni are parasites with great antigenic complexity, it is expected 
that they possess common proteins other than F ABPs that might 
contribute to serological cross-reactivity. 
The aim of the present study was to identify common proteins 
of the 2 parasites through analysis of adult worm crude extracts 
by a proteomic-based approach. After optimizing the separation 
of both protein extracts by 2-dimensional electrophoresis (2-DE), 
digital images of the proteomes were superimposed, and protein 
spots with identical isoelectric points and molecular weights 
(MWs) were selected for analysis by MALDI-TOF MS/MS. 
This strategy led us to identify 28 common proteins between F 
hepatica and S. mansoni adult worms, the cross-reactivity of 
which was confirmed by Western blot. 
MATERIALS AND METHODS 
Parasites 
Adult Fasciola hepatica flukes were collected from the bile ducts of 
infected cattle killed <it a local slaughterhouse. FlUKes were washed 
repeatedly with 0.1 M phosphate-buffered saline (PBS), pH 7.2, to 
eliminate all traces of blood and bile, and then specimens were stored at 
-20 C until use. 
Twenty Swiss mice infected with 150 S. mansoni cercaria via skin 
penetration were obtained from the Biomedical Research Institute, 
Rockville, Maryland, and necropsied 56 days after infection to recover 
adult worms by perfusion from the portal system. Worms were washed 
repeatedly with PBS and then stored at -20 C until use. Mice were kept 
under conventional germ-free conditions in the animal care facility of the 
School of Medicine, University of Puerto Rico, and treated according to 
regulations for the care of laboratory animals. 
Preparation of F. hepatica and S. mansoni whole-worm extracts 
Parasites collected as described in the previous paragraphs were 
repeatedly washed with PBS supplemented with 5 mM EDTA, 8 mM 
phenylmethylsulfonyl fluoride (PMSF), 2 mM iodoacetamide, and 2 mM 
leupeptine to inhibit proteases. Whole-worm extracts (F. hepatica and S. 
mansom) were obtained by homogenizing I g of worms on ice in PBS using 
a Ten Broeck tissue grinder, followed by centrifugation (30,000 g, 4 C, 
30 min). Fasciola hepatica and S. mansoni extracts were partially simplified 
by an ultrafiltration system using Amicon stirred cells (Millipore, Billerica, 
Massachusetts), in which proteins are passed through a high-flow 
membrane (YM -100) to exclude all proteins > 100 kDa. Proteins that 
passed through membrane were stored at - 20 C until use. Protein 
concentrations were determined using the bicinchoninic acid method 
(Stoscheck, 1990). 
Serum samples 
Serum samples obtained from 15 persons with chronic schistosomiasis 
were obtained from the serum library of the Institute of Tropical 
Medicine, Central University of Caracas, Venezuela. Schistosoma mansoni 
infection had been confirmed in all these patients by Kato-Katz techni-
ques. Fifteen control serum samples were also obtained from the Uni-
versity of Puerto Rico serum library. Serum samples were serologically 
analyzed for schistosomiasis and fascioliasis by ELISA using F hepatica 
and S. mansoni soluble extracts following a basic protocol with few 
modifications (Espino et aI., 1987). Briefly, the protein concentration used 
to coat the polystyrene plate (Costar Corning, New York, New York) was 
5 ~g/ml for each extract; sera were diluted 1:100 in PBS containing 0.05% 
Tween-20 (PBST), and horseradish peroxidase-{;onjugate anti-human IgG 
was diluted 1:5,000 in blocking solution (3% bovine albumin in PBST). 
Substrate consisting of 10 mg orthophenilenediamine, 25 ml PBS, and 1 0 ~I 
of 30% hydrogen peroxide was added to each well. The plates were 
incubated in the dark for 10 min at room temperature. Enzymatic reaction 
was stopped with 50 ~I per well of 12.5% sulfuric acid, and absorbance 
values were read at 492 nm using a microplate reader (BioRad, Hercules, 
California). Serum samples with absorbance value 2:0.42 (cutoff value 
previously established), either in the F hepatica-ELISA or in the S. 
mansoni-ELISA assay, were considered seropositive for schistosomiasis or 
fascioliasis. 
Two-dimensional electrophoresis 
Fasciola hepatica and S. mansoni samples containing 250 ~g of total 
protein and rehydration buffer for pH 7-10 immobilized pH gradient 
(lPG) strips were used for rehydration (BioRad). After standing overnight 
at room temperature, the samples were mixed gently for I hr and then 
centrifuged at 18,000 g for 30 min. Separation in the first dimension 
(isoelectric focusing; IEF) was performed on IPG strips (passive in-gel 
rehydration 20 C, overnight) for a total 20,000 Vh on a BioRad protein 
IEF cell (maximum current 50 ~A/strip). Afterward, the strips were 
reduced and alkylated in equilibration buffer (6 M urea, 2% SDS, 0.05 M 
Tris-HCI, pH 8.8, 50% glycerol, and 2% [w/v] dithiothreitol [DTT]). The 
second-dimension separation was performed in triplicate through a 4--20% 
gradient SDS-polyacrylamide gel (15 rnA/gel for 15 min, then 30 mNgel); 
2-DE gels were stained with BioSafe Coomassie Blue G-250 (BioRad). 
Image analysis of 2-DE gels using PDQuest software 
BioSafe Coomassie Blue-stained gels were scanned using a VERSA-
DOC Model 1000 imaging system (BioRad). Quantity One version 4.3.0 
(BioRad) software and PDQuest version 7.4.0 (BioRad) software were 
used to detect common spots on F hepatica and S. mansoni gels. The 
experimental set was created for pI 3-10 gels containing images of 6 gels 
(3 from F hepatica and 3 from S. mansoni). After automatic detection of 
spots by the PDQuest software, the files were manually edited to correct 
artifacts. The software calculated individual spot "volumes" by density/ 
area integration; then, to eliminate gel-to-gel variation, individual spot 
volumes for each gel were normalized relative to the total spot volume of 
that gel. Normalized spot volume data from each experimental set were 
exported to Microsoft Excel, where differences in expression of spots 
between the F hepatica and S. mansoni groups were analyzed using 
Student's t-test, with P < 0.05 as the criterion for statistical significance. 
Common protein spots between the 2 species showing 2:2-spot rela-
tive abundance were selected and marked for excision for further MS 
analysis. All experiments were performed in biological and technical 
triplicates. 
In-gel digestion of proteins, matrix-assisted laser desorption 
ionization time-of-flight (MALDI-TOF) mass spectrometry and 
database searching 
Spots of interest (identified as the same on 2-DE gels and confirmed 
later by MS/MS) were manually excised from Coomassie Blue-stained 
gels, destained using 40% methanolllO% acetic acid, reduced (with 10 mM 
DTT in 50 mM ammonium bicarbonate), and then alkylated (using 55 mM 
iodoacetamide in 50 mM ammonium bicarbonate). The resulting gel 
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fragments were rinsed with 50 mM ammonium bicarbonate and 
acetronitrile and dried under a stream of nitrogen. Samples were digested 
with trypsin (Sigma, St. Louis, Missouri) and combined with an equal 
volume of saturated cyano-4-hydroxycinnamic acid in 50% acetonitrile/ 
0.1 % trifluoracetic acid. Half of this mixture was applied to a MALDI 
target plate. MALDI TOF-MS was performed at the University of Texas 
Medical Branch, Proteomics Facility (Austin, Texas). Data were acquired 
with an Applied Biosystems 4800 MALDI TOF/TOF Proteomics 
Analyzer (Foster City, California). Following MALDI MS analysis, 
MALDI MS/MS was performed on several (5-10) abundant ions from 
each sample spot. Applied Biosystems GPS Explorer™ (v. 3.6) software 
was used in conjunction with MASCOT to search NCBInr databases to 
identify common proteins between the 2 species using both MS and MS/ 
MS spectral data for protein identification. Protein match probabilities 
were determined by using expectation values and/or the MASCOT search 
engine (Matrix Science, London, U.K.). 
Immunoblot analysis 
Fasciola hepatica proteins separated by 2-DE were transferred to 
nitrocellulose membranes (BioRad) for 2 hr at 200 rnA in transfer buffer 
(48 mM Tris/HCI, pH 8.3, 39 mM glycine, and 20% methanol) at 4 C. The 
membrane was blocked for 30 min with 5% skim milk in PBST at room 
temperature. After rinsing 3 times for 5 min with PBST, the membrane 
was incubated overnight at 25 C with a pool of schistosomiasis sera 
(diluted 1: 100 in PBST) selected from those that were seropositive in the 
ELISA assay either for S. mansoni or F hepatica extract. After incubation, 
the membrane was rinsed 3 times for 10 min and incubated with goat anti-
human IgG secondary antibody conjugated to horseradish peroxidase 
(BioRad) at a dilution of 1 :5,000 in PBST containing 5% skim milk for 1 hr 
at 37 C. After 3 more washes with PBST, the blots were developed using 
diaminobenzidine substrate. 
RESULTS 
2-0E analysis of F. hepatica and S. manson; samples 
Fasciola hepatica and S. mansoni extracts were first electro-
focused using 3-10 linear immobilized pH gradient strips and then 
electrophoresed in 4-20% gradient polyacrylamide gels. Staining 
of these gels with Coomassie Blue permitted the detection of 361 
spots for F. hepatica and 433 for S. mansoni located in a broad 
MW range of 6-85 kDa and a pH range of 3-10 (Fig. lA). 
Scanned 2-DE gel images were imported into PDQuest, and the 
multichannel viewer function was applied for gel image overlay 
(Fig. IB). The F. hepatica gel was used as the master to compare 
F. hepatica to S. mansoni. PDQuest software allowed us to 
overlap shared spots between the 2 species based on MWs and 
isoelectric points. In total, 333 protein spots that did not overlap 
any other spots were detected in F. hepatica, whereas 405 were 
detected in S. mansoni. Twenty-eight overlapping spots that were 
significant at P < 0.05 were detected on 2D gels and identified by 
peptide mass fingerprinting. Spots at the same position were 
assigned the same spot number by the software. A "3D" 
representation of the 2D gel sections containing 28 common 
spots from both parasites is shown in Figure IA. Of the common 
proteins, 10 were expressed at lower levels in F. hepatica than in 
S. mansoni by 1.37- to 13.24-spot relative abundance, 9 were 
expressed at 1.38- to 5.59-spot relative abundance in F. hepatica 
compared to S. mansoni, and 9 had similar relative abundance 
(Table I). 
Identification of common spots by MALOI-TOF MS analysis 
The overlapping spots identified by their peptide mass 
fingerprinting correspond to 28 proteins, of which 10 are isoforms 
of 7 identified proteins (Table I). Quantitative analysis of the 
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FIGURE I. (A) Overview of Coomassie Blue-stained 2-DE gels showing numerous spots from F hepatica and S mansoni whole-worm extracts 
(F hepatica [Fh.] and S mansoni [Sm.]). Two-DE analyses were performed on an II-cm, pH 3- 10 strip in the first dimension and 4-20% continuous 
polyacrylamide gradient in the second dimension. A 3-dimensional (3D) rendering of matching spots between F hepatica and S mansoni whole-worm 
extracts is shown in the middle of figure. Numbers on 2-DE represent the standard spot number (SSP) designated for each matching spot, which were 
selected for spot picking and MS analysis. (B) Overlaid images of S mansoni and F hepatica proteomes with computer-generated color-coded intensity 
variations on the x- and y-axes. 
proteins that were common to both parasite species revealed 
substantial matching in the pattern of protein expression. All 
proteins listed in the table are the highest ranked candidates that 
were unambiguously identified in the MASCOT search. To 
confirm protein identification, a 2-DE spot from each parasite 
species was sequenced twice by MS. In 2 cases, spots were 
identified based on significant hits of proteins of organisms not 
related to F hepatica or S. mansoni. These include spot 11 (related 
to Archaeopotamobius sibiriensis triose-phosphate isomerase, 
GenBank CAD29286) and spot 21 (related to Marsupenaeus 
japonicus heat shock protein, GenBank ABF8360). To confirm 
these 2 identifications, BLAST analysis was performed, and the 
amino-acid sequences were matched to the sequence alignment 
with the corresponding available F hepatica and S. mansoni 
sequences. The sequences of F hepatica Hsp-70 (GenBank 
ABS52704) and S. mansoni Hsp-70 (XP _002581472) were found 
to be 93% identical (score 5.3 e-88) to the M. japonicus sequence 
through 643 overlapping amino acids. The sequence of S. mansoni 
TPI (XP _002571861.1) was found to be 71.4% identical to A. 
sibiriensis TPI (score 7.4 e-86) over 244 overlapping amino acids. 
No records for TPI of F hepatica were available in the database. 
The identified proteins together with changes in protein abun-
dances are listed in Table I. The proteins identified were grouped 
into 4 categories of functionally related molecules (oxidative 
stress, energy metabolism, proteosomal proteins, and structural 
proteins). 
F. hepatica/So manson; common antigenic proteins 
To investigate the antigenicity of common F hepatica/So 
mansoni proteins, F hepatica blots were incubated with a pool 
of negative sera and a pool of sera from patients with 
schistosomiasis that had been found doubly positive in the S. 
mansoni- ELISA and F hepatica- ELISA assays. When F. hepatica 
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TABLE 1. F hepatica/S. mansoni common proteins identified by MS/MS and Mascot search engine (Matrix Science) database searching. 
Spot Protein Exp'/Theor.t Nsvt (±SD) Matched 
no. categories Protein ID* Mass (kDa) pI F hepatica S. mansoni Score§ peptide Expected score RAil 
Oxidative stress-related proteins 
1 Thioredoxin CAB65014 18.9/11.8 5.4/5.8 3.30 ± 0.26 4.13 ± O.o? 568 8 1.58 E-51 lIil1 
2 Thiol-specific CAA06158 19.2/21.9 7.3/6.3 
antioxidant 
8.43 ± 0.40 4.80 ± 0.25 105 3.15E-05 [!!!] 
3 Glutathion AB179450 25.2/24.6 8.7/8.8 
S-transferase 
13 .3 ± 0.31 9.60 ± 0.26 396 10 2.5 E-34 II!] 
4 GST class mu P30112 25.2125.5 5.7/5.8 20.1 ± 0.76 20.53 ± 0.50 478 II 1.58 E-42 [II] 
(GST51) 
Energy metabolism- related proteins 
5 GAPDH AAG23287 21.0/23.3 6.8/7.0 3.20 ± 0.20 4.13 ± 0.07 368 10 1.58 E-31 lIilI 
6 GAPDH AAG23287 23.1/23.0 7.8/7.0 5.77 ± 0.25 7. 10 ± 0.35 392 8 6.29 E-34 !TIl 
7 Fatty Q9UIG6 15.0114.6 6.0/9.0 
acid-binding 
13.7 ± 0.52 13.9 ± 0.33 671 9 7.92 E-62 IJI] 
protein-type 3 
8 Fatty Q7M4GO 15.5114.7 5.4/5.9 22.4 ± 0.21 15.9 ± 0.45 187 5 1.99 E-13 (]]] 
acid- binding 
protein-Fhl5 
9 Fatty Q7M4GO 11.55/14.8 5.54/5.9 1 
acid-binding 
175 ± 8.9 61.9 ± 5.6 121 6 1.25 E-06 [fi] 
protein Fh 15 
10 Enolase Q27655 45.8/46.2 6.9/6.3 7.37 ± 0.32 3.00 ± 0.17 1020 19 9.97 E-97 [[!] 
11 Triose-phosphate CAD29196 21.6124.7 5.8/5.3 4.87 ± 0.15 12.8 ± 0.12 131 5 7.98 E-8 [il] 
isomerase 
12 Chain A, B5KY09 12.33116.5 6.86/7.23 
hemoglobin 
13.5 ± 1.8 34.5 ± 0.6 518 6 2.51 E-46 G:iJ 
13 Chain A, B5KY09 12.66/16.5 7.83/7. 23 8. 1 ± 0.2 107.3 ± 2.5 531 6 1.26 E-47 ~ 
hemoglobin 
Proteosomal proteins 
14 Secreted AAB41670 37.1/37.1 5.0/6.2 
cathepsin-L 
7.46 ± 0.42 29.7 ± 0.13 280 7 9.97 E-23 G]] 
15 Secreted AAB41670 12.32/37.5 3.87/5.43 72.7 ± 0.4 13 ± 2.0 227 7 3.15 E-17 [LJ 
cathepsin-L 
16 Cathepsin-L1 AAR99519 26.5/26.5 6.2/5.6 3.43 + 0.4 21.5 ± 0.45 428 8 1.58 E-37 [ill 
17 Cathepsin-D XP _002572773 50.2/49.4 5.7/5.5 1.50 ± 0.44 6.07 ± 0.16 413 7 7.92 E-49 G1J 
18 Kunitz-type AAB46830 9.3/6.9 3.9/6.3 
(Fh-KTM) 
8.0 ± 0.20 6.00 ± 0.20 70 2 0.09976 [Ii] 
19 Kunitz-type AAB46830 7.9/6.9 3.8/6.3 
(Fh-KTM) 
10.6 ± 0.53 6.23 ± 0.20 72 2 0.06294 [[i] 
(Table I continued) 
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TABLE 1. Continued. 
Spot Protein Exp.!Theor. t NSVt (±SD) Matched 
no. categories Protein ID* Mass (kDa) pI F. hepatica 8. mansoni Score§ peptide Expected score RAil 
20 Kunitz-type AAB46830 8.90/69.27 7.96/6.34 9.7 ± 0.7 102.1 ± 5.3 101 4 5.94 E-7 ITill (Fh-KTM) 
21 Heat shock ABF8360 59.0171.8 6.2/5.3 3.06 ± 0.12 4.20 ± 0.25 431 11 7.92 E-38 [IIJ] 
protein-70 
22 Phosphatase Q5DA15-1 12.76/28.838 4.79/4.87 82.1 ± 0.8 32.3 ± 1.5 102 3 9.97 E-05 [[!] 
2A inhibitor 
(protein SET 
inhibitor) 
23 Stefin-1 C6GC97 9.24/11.3 6.517.68 32.6 ± 1.6 125.6 ± 0.7 235 4 5 E-05 IJil] 
Structural proteins 
24 Myosin light AAD41591 13.4/18.3 6.3/4.5 6.20 ± 0.20 5.97 ± 0.02 169 7 6.29 E-11 [Iil] 
chain 
25 Actin-2 C4QH21 44.56/42.05 4.8915.3 12.3 ± 0.20 136.5 ± 0.02 301 10 9.98 E-27 [Iil] 
26 Ca+ binding AAP06154 19.1117.9 4.4/4.3 3.23 ± 0.25 3.13 ± 0.15 269 4 1.25 E-21 lID] 
protein 
27 Ca+ binding AAP06154 26.5117.9 3.19/4.34 25.1 ± 0.7 16.5 ± 0.2 108 3 2.5 E-05 []I] 
protein 
28 Unknown AAW25255 33.3/21.8 7.815.6 4.03 ± 0.15 3.90 ± 0.06 88 5 0.00158 I]]]J 
(8. japonicum) 
• NCBI protein accession number. 
t Theoretical molecular mass and isoelectric point estimated by Swissprot database at http://ca.expasy.org/sprotl. 
t NSV: Normalized spot volume. 
§ Scores> 61 were significant (p < 0.05). 
II RA: Relative abundance, refers to spots with intensity ratio more than two. Gray bar (left) corresponds to Fasciola hepatica, and black bar (right) corresponds to 
Schistosoma mansoni. 
blots were probed with negative control sera, no proteins were 
detected (data not shown). However, when probed with the pool 
of schistosomiasis sera, large numbers of immunoreactive spots 
were revealed. However, because our goal was to determine 
whether the common spots were antigenic, peptide mass 
fingerprinting was limited to those immunoreactive spots that 
matched with the common spots. The analysis revealed that the 28 
common proteins identified herein were antigenic and, therefore, 
are cross-reactive proteins (Fig. 2). 
DISCUSSION 
In view of our aim to identify proteins that are common to 
F hepatica and S. mansoni, in the present work we started by 
obtaining soluble extracts from whole adult worms. Although 
complex mixes of proteins make for difficult proteomic analysis, 
the examination of these crude extracts, instead of more simplified 
material, had the advantage of increasing the chance of detecting 
the most abundant proteins expressed by both parasites, and that 
could be relevant with respect to the aim of our study. As is well 
known, a simpler composition like, for instance, the excretory/ 
secretory products result in much lower protein yields, which are 
f j 
highly specific and useful for immunodiagnosis ( Espino et aI., 
1987; Carnevale, Rodriguez, Guarnera et aI., 2001; Carnevale, 
Rodriguez, Santillan et aI., 2001; Salimi-Bejestani, Daniel, 
Felstead et aI., 2005; Salimi-Bejestani, Daniel, McGarry et aI., 
2005; Arias et aI., 2007). 
To enable effective electrophoretic separation of the protein 
extracts, molecules of high MW (> 100 kDa) were excluded, which 
facilitated conditions for protein sample preparation and solubi-
lization for 2D-polyacrylamide gel electrophoresis (PAGE) that 
were easily optimized for each species (Jefferies et aI., 2001; 
Gelhaus et aI., 2005; Perez-Sanchez et aI., 2006). The proteomic 
maps of F hepatica and S. mansoni revealed considerable 
similarity with respect to the number of spots detected (361, 
433) as the distribution of the spots across nearly the same pI 
ranges and MW. This similarity is not surprising since both 
extracts contain all of the proteins expressed by the adult worm, 
including those present on the exposed tegumental surfaces, 
somatic, and excretory-secretory proteins; both extracts are likely 
to share components, as was observed. 
For adult F hepatica, there are no equivalent proteomic maps 
with which to compare our results. However, there are maps for 
the soluble proteome of adult S. mansoni (Curwen et aI., 2004) 
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FIGURE 2. Immunoblot analysis of Fasciola hepatica whole-worm extract (Fh.) tested with a pool of sera from patients with chronic Schistosoma 
mansoni infection. Common immunoreactive spots are numbered as described in Figure 1 and Table 1. 
and S. japonicum (Cheng et aI., 2005), containing between 847 and 
1,288 spots. Differences in the number of spots obtained by us 
compared with previous studies could be due to differences in the 
extract preparation or in the sensitivity of staining used to reveal 
the protein spots. Our extracts were prepared by homogenization 
of adult worms and ultracentrifugation at 30,000 g, followed by a 
molecular sieving separation to exclude molecules > I 00 kDa. 
Extracts used in earlier studies were not partially purified 
(Curwen et aI., 2004). 
The identified common protein spots (28) between adult F. 
hepatica and S. mansoni were revealed by Coomassie Blue 
staining. It is not surprising that the number of immunoreactive 
spots detected by Western blot is higher than the number revealed 
by Coomassie Blue staining since Western blot is a much more 
sensitive technique. Therefore, this preliminary study doesn' t rule 
out the existence of other shared spots, but emphasizes the most 
abundant proteins common between both species. The great 
amount of information available in the databases on the 
proteome, transcriptome, and genome of S. mansoni (Berriman 
et aI., 2009; Criscione et aI., 2009; Mathieson and Wilson, 2010; 
Dewalick et aI., 2011; Farias et aI., 2011) and F. hepatica (Cancela 
et aI., 2010; Alasaad et aI., 2011; Chemale et aI., 2011) confirms 
this hypothesis. 
Fasciola hepatica and S. mansoni have evolved in similar ways 
to avoid the immune responses of their hosts (McManus and 
Dalton, 2006). Therefore, it was not surprising that several of the 
common proteins identified herein have biological functions 
related to immune evasion mechanisms. Thioredoxin (TRX) is a 
low MW (-12 kDa) protein that is maintained in its active, 
reduced form by the f1avoenzyme thioredoxin reductase. TRX has 
been found in many parasites, including F. hepatica (Salazar-
Calderon et aI., 2001) and S. mansoni (Alger et aI., 2002). These 
findings and growing evidence that TRX acts as a redox-
regulating molecule to maintain the cellular redox state suggest 
that this protein plays a role in protecting parasites from host 
immune responses (Alger et aI. , 2002). Thiol-specific antioxidant 
protein (TSA) protects cellular components from oxidative 
damage caused by reactive oxygen species (ROS) (02- , H20 2, 
and HO-). Protection is achieved through the removal of 
hydrogen peroxide, preventing the formation of hydroxyl 
radicals. It has been demonstrated that in the very early stages 
of F. hepatica infection, the parasite secretes proteins, including 
TSA, that participate in the recruitment of an alternative 
activated macrophage population. These activated macrophages 
secrete large amounts of IL-4 and low quantities of IL-12, which 
are typical of a Th2 response (Donnelly et aI., 2005). The 
development of a Th2 response is associated with infection 
susceptibility and favors chronic disease (O'Neill et aI., 2000, 
2001; Donnelly et aI., 2005). Members of the TSA family also 
participate in egg granuloma formation during S. mansoni 
infection, which is mediated by CD4+ T helper cells sensitized to 
egg antigens (Williams et aI., 2001). 
Glutathione-S-transferase (GST) is an enzyme found in all 
animals, and it plays a role in the detoxification and removal of 
harmful molecules. The 26-kDa GST from F. hepatica and S. 
mansoni is an antigenic protein excreted by the parasites and 
transiently expressed on tegumental surfaces (Abath and Werk-
hauser, 1996). For animal schistosomiasis, GSTs have been 
reported to provide a partial protection (Grzych et aI. , 1998), but 
also to be ineffective (De Bont et aI., 2003). For animal 
fascioliasis, GSTs are known to be effective in inducing protection 
(Sexton et aI., 1994; Paykari et aI., 2002; Preyavichyapugdee et aI., 
2008). It has been recently demonstrated that GSTs can confer 
protection against F. hepatica and S. mansoni infection (Prey-
avichyapugdee et aI., 2008). 
Many parasites deploy proteinases such cathepsin-D and -L to 
accomplish some of the tasks necessitated by a parasitic life style, 
including tissue penetration, digestion of host tissue for nutrition, 
and evasion of host immune responses. Cathepsin-D is a protease 
that plays a role in the proteolysis of host-derived hemoglobin. 
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This protease is expressed in the gastrodermis and the cecal lumen 
of adult schistosomes of both sexes and on the dorsal and lateral 
surfaces of the tegument of male S. mansoni and S. japonicum 
(Bogitsh et a!., 2001; Verity, Loukas et a!., 2001; Verity, 
McManus, and Brindley, 2001). Some reports indicate that after 
vaccination with this protein, mean total worm burdens were 
significantly reduced by 21-38% in mice challenged with S. 
japonicum cercariae (Verity, Loukas et a!., 2001). Cathepsin-L is a 
lysosomal cysteine proteinase of the papain superfamily involved 
in the catabolism of mammalian cell proteins. It has been 
demonstrated that cathepsin-L can disrupt immune defense 
mechanisms directed against parasites by facilitating both 
migration of parasites through the host tissues and acquisition 
of nutrients from the host (Dalton et a!., 1996). Fasciola hepatica 
cathepsin-L is probably the most studied trematode peptidase, 
with well-characterized critical functions. Due to the importance 
of peptidases in host-parasite interactions, they are considered to 
be promising targets for the development of novel chemothera-
peutic drugs, vaccines, and also as selective diagnostic markers of 
disease (Perez-Sanchez et a!., 2006). 
The Kunitz-type (KT) molecule of F hepatica is a single 
polypeptide of 58 amino acids (6.75 kDa) that was identified by 
its significant similarity to the Kunitz-type (BPTI) family of 
proteinase inhibitors of plants (Bozas et a!., 1995). KT proteins 
typically inhibit serine proteinases, but the family also includes 
inhibitors of cysteine and aspartyl proteinases (Rawlings et a!., 
2004). Proteinases are involved in key areas of the host antiparasite 
immune response, including antigen presentation, effectors func-
tion, and tissue dissolution and remodeling. There is substantial 
evidence that parasites utilize protease inhibitors to protect 
themselves against degradation caused by host proteases (McKean 
and Pritchard, 1989), to facilitate feeding (Harrison et a!., 2002), 
and to manipulate the host response to the parasite (Pfaff et a!., 
2002). Because KT and other types of inhibitors have been found 
either on, or within, the tegument of F hepatica (Bozas et a!., 1995) 
and S. mansoni (Blanton et a!., 1994), a possible function could be 
to protect the tegument from attack by the host. 
Stefin-I is a poorly studied protein that has been classified as a 
type 1 cystatin, a cysteine protease inhibitor recently identified as 
a major released antigen of Fasciola gigantica (Tarasuk et a!., 
2009). This protein was found to be abundant in the parasite 
tegument, where it was found partially complexed with cathepsin-
L. Stefin-I is able to react with sera from rabbits experimentally 
infected with F. gigantic, and studies suggest protective functions, 
regulating intracellular cysteine activity, and possibly providing 
protection against extracellular proteolytic damage to the 
parasite's intestinal and tegumental surface proteins (Tarasuk 
et a!., 2009). 
Fatty acid-binding proteins (FABPs) are involved in the 
acquisition of fatty acids from mammalian host blood. It has 
also been suggested that F ABPs playa role in the protection of 
cell membranes via buffering against the effects of high fatty acid 
concentrations (Das et a!., 1991). Several isoforms of the F. 
hepatica-FABP with pI values from 5.11 to 7.82 have been 
reported (Espino, Dumenigo, and Hillyer, 2001). The FABPs 
from F. hepatica (FhI5) and S. mansoni (SmI4) are the only pair 
of common proteins that to date have been targeted for dual 
vaccines against both parasites (Vilar et a!., 2003). 
An interesting common protein identified in the present study 
is enolase. This protein, also known as phosphopyruvate 
dehydratase, is a metalloenzyme that participates in the glycolytic 
pathway. It has also been identified on the surface of different 
pathogens such as bacteria, fungi, and protozoa (Pancholi, 2001) 
and, more recently, on helminths (Jolodar et a!., 2003). This 
enzyme has also been implicated in autoimmune diseases, and its 
utilization by pathogens while invading host tissue is well 
documented (Pancho Ii, 2001). Enolase is a major protein in the 
excretory/secretory products of F. hepatica (Bernal et a!., 2004) 
and, therefore, is a key player in understanding the host-parasite 
interaction, and it offers a target for chemo- and immunotherapy 
(Morphew et a!., 2007). Enolase has been identified as one of the 
proteins used by S. mansoni to interfere with the innate immune 
system of the snail Biomphalaria glabrata (Guillou et a!., 2007). 
The immunogenicity of enolase and its potential as vaccine have 
been demonstrated against Streptococcus suis (Feng et a!., 2009; 
Zhang et a!., 2009) and Echinococcus granulosus (Gan et a!., 
2010). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an 
important enzyme of glycolysis and gluconeogenesis. Fasciola 
hepatica adults are thought to continually shed their teguments to 
evade the host immune system (Morphew et a!., 2007). Like many 
other proteins, GAPDH is located at the surface or just below the 
surface of the fluke, and it may be released into the surrounding 
medium as the tegument is sloughed. The presence of GADPH on 
the surface of schistosomes may help to protect the parasite from 
oxygen-mediated attack by phagocytes; indeed, the presences of 
IgG antibodies to this enzyme are related to resistance to infection 
(Waine et a!., 1993). 
Actins are highly conserved proteins that, associated with 
myosins, are responsible for many types of cell movements. 
Myosins are the prototype of a molecule-motor, a protein that 
converts chemical energy in the form of A TP to mechanical 
energy, thus generating force and movement. Fasciola hepatica 
and S. mansoni rely on a well-developed muscular system, not 
only for attachment, but for many aspects of their biology. Actin 
and myosin form part of the spines on the surface of the 
schistosomes (Jones et a!., 2004). In F. hepatica, actin and myosin 
are located in the tegument and in the muscle surrounding the 
ventral sucker (Kumar et a!., 2003; Tansatit et a!., 2006). Previous 
studies identified actin as the receptor on the parasite surface that 
binds praziquantel, a drug widely used against schistosomiasis, 
facilitating its distribution throughout the worm (Tallima and El 
Ridi, 2007). Moreover, earlier studies have shown that a fragment 
of recombinant S. mansoni myosin induces high levels of protec-
tion in experimentally infected animals (Soisson and Strand, 
1993). Based on these antecedents, we could anticipate that actin 
and myosin have potential as vaccine candidates or targets for 
drugs against both parasites. 
Calcium-binding protein (CaBP) plays an important physio-
logical role in the cell; it participates in calcium signaling 
pathways that contribute to all aspects of cell function. CaBPs 
have been found in all eukaryotic organisms, including F hepatica 
(Russell et a!., 2007) and S. mansoni (Mohamed et a!., 1998). In S. 
mansoni, CaBP is associated with organ tissue remodeling via the 
modulation of key proteosome activity during transformation of 
cercariae to schistosomula (Ram et a!., 2003). In F. hepatica, 
CaBP has been identified in the tegument in close association with 
myosin-light chain muscle contraction and is considered to be a 
good target for the development of new drugs (Russell et a!., 
2007). 
Heat shock proteins (Hsp70) are the most conserved and 
ubiquitous proteins known to date (Gupta and Golding, 1993), 
and they are likely to play important roles in humoral responses 
against infection. Sm Hsp70 induces a dominant antibody 
response in humans and animals with both acute and chronic S. 
mansoni infection, and also in mice vaccinated with irradiated 
cercariae (Moser et aI., 1990). This protein is strongly expressed in 
baboons infected with S. mansoni (Kanamura et aI., 2002). 
Recently, the Hsp70 homologues of F. hepatica and F. gigantica 
were cloned and characterized (Smith et aI., 2008); they are highly 
expressed in both species. 
Other identified molecules include phosphatase 2A inhibitor 
and hemoglobin (Hb). The phosphatase 2A inhibitor is a 
multitasking protein involved in apoptosis, transcription, nucle-
osome assembly, and histone binding. A 28-kDa protein for S. 
japonicum was recently identified (Berriman et aI., 2009), but its 
role in the biology of trematodes remains unknown. The 
physiological roles of trematode Hbs are a matter of debate. 
Most adult parasitic trematodes live mainly in a semi-anaerobic 
environment. Their Hbs displays such high oxygen affinities that 
it cannot simply serve in O2 transport to the tissues. Therefore, 
other functions for these Hbs, such as oxygen scavenging, heme 
reserve for egg production, and NO dioxygenase, have been 
proposed (de Guzman et aI., 2007). In addition, they may be 
involved in host-parasite interactions. Indeed, parasitic trema-
todes are known to secrete/excrete a set of proteins (ES proteins) 
into the host (Berasain et aI., 2000). Among these, hemoglobin-
like proteins have been identified (Dalton et aI., 1996). The ES 
proteins, including Hbs, are potent antigens that are potentially 
useful in eliciting host immunological resistance against the 
parasitic infection through vaccination (Dewilde et aI., 2008). A 
vaccine trial in cattle with Hb resulted in a 43.8% protection level 
against fluke infection (Dalton et aI., 1996).Therefore, trematode 
Hbs appear to be important, yet to date scarcely characterized 
targets for new vaccination strategies. 
In conclusion, we report through this study a novel and 
reproducible protocol for the analysis of the proteome of the 2 
parasites in the adult stage, F. hepatica and S. mansoni, using 2-
dimensional gel electrophoresis (2-DE) and mass spectrometry 
(matrix-assisted laser desorption ionization time-of-flight spec-
trometry [MALDI-TOF]). We were also able to determine the level 
of proteomic 2-DE spot matching between these 2 parasites, as well 
as conduct quantitative analysis of the proteins that were common 
to both parasites. Twenty-eight proteins common to F. hepatica 
and S. mansoni were identified as antigenic. This set will form the 
basis of further studies aimed at understanding the ways in which 
these proteins interact with their hosts. This study also improved 
our understanding of protein composition of F. hepatica and S. 
mansoni, such as actin, myosin, Kunitz-type, and Stefin, which can 
be candidates for investigating the underlying mechanisms and 
biological significance of their tegumental function. For functional 
analysis of the candidate proteins, RNA interference (RNAi) can 
be performed in future studies, since RNAi has been proven to be 
an indispensable method for achieving targeted knockdown of 
proteins. This was the case for F. hepatica cathepsin, for which the 
effect on larvae penetration through the intestine wall was found to 
be seriously hampered (McGonigle et aI., 2008). A similar study on 
the suppression of this gene in S. mansoni could be explored in the 
future and could serve to provide bases for new strategies for 
developing drug targets or vaccines. 
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PARASITISM OF PREHISTORIC HUMANS AND COMPANION ANIMALS FROM ANTELOPE 
CAVE, MOJAVE COUNTY, NORTHWEST ARIZONA 
Martin H. Fugassa, Karl J. Reinhard*, Keith L. Johnsont, Scott L. Gardner:!:, Monica Vieira§, and Adauto Araujo§ 
Departamento de Biologia, Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Mar del Plata, Mar del Plata 7600, Buenos Aires, 
Argentina. e-mail: kreinhard1@mac.com 
ABSTRACT: Previously, we reported a tick recovered from Antelope Cave in extreme northwest Arizona, Further analyses of 
coprolites from Antelope Cave revealed additional parasitological data from coprolites of both human and canid origin, A second tick 
was found. This site is the only archaeological locality where ticks have been recovered. We also discovered an acanthocephalan in 
association with Enterobius vermicularis eggs in the same coprolite. This association shows that the coprolite was deposited by a 
human. This discovery expands our knowledge of the range of prehistoric acanthocephalan infection. In addition, findings from canid 
coprolites of Trichuris vulpis are reported. This is the first published discovery of T. vulpis from a North American archaeological 
context. The close association of dogs with humans at Ancestral Puebloan (Anasazi) sites raises the potential that zoonotic parasites 
were transferred to the human population, The archaeological occupation is associated with the Ancestral Pueblo culture 1,100 yr ago, 
Antelope Cave is the most important site related to under-
standing the range of Ancestral Pueblo (Anasazi) behaviors that 
defined ancient parasitism in the southwestern Unites States, 
Previous studies have focused on Pueblo sites in the Colorado 
Plateau core area (Reinhard et aI., 1987; Reinhard, 1990). Rela-
tive to previously studied sites, Antelope Cave is located in the 
northwest corner of Arizona, within the Great Basin cultural area. 
It represents Ancestral Pueblo adaptation in its extreme cultural 
and environmental range. 
Ancestral Pueblo people and their domesticated dogs were 
adapted to a diverse range of environments in Arizona, Colorado, 
Utah, and New Mexico. Dogs were present in the Southwest 
throughout prehistory (Colton, 1970). At least 1 zoonotic dog 
parasite has been identified. Strongyloides stercoralis was found in 
dog coprolites at the northeastern Arizona site Antelope House 
in Canyon de Chelly, Apache County (Reinhard, 1985, 1990; 
Reinhard et aI., 1987). We investigated human and dog parasites 
at Antelope Cave in Arizona's northwestern corner. Excavations 
at this site recovered coprolites of both humans and dogs. 
A more important aspect of Antelope Cave is the fact that the 
people in this area subscribed to a pattern of subsistence that 
resulted in exposure to infections with thorny-headed worms 
(Phylum: Acanthocephala). On the margins of the Great Basin, 
Ancestral Puebloans adapted to relatively scarce resources by 
collecting and eating a wider diversity of wild foods. Several 
authors, e.g., Fry (1977), Madsen and Kirkman (1988), and 
Madsen (1989), have shown that insects were an important food 
source in the area within the Great Basin cultural area. Sutton 
(1988) summarized the ethnographic record of insect consump-
tion for Great Basin Tribes. He calculated the nutritional value of 
insects referred to by ethnographic records and concluded that 
insects were a critical dietary resource rather than an occasional 
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food item. The insects eaten in the region in historic times included 
grasshoppers, crickets, cicadas, shore flies, sphinx moths, pandora 
moths, bee larvae, and June beetles. This well-documented dietary 
practice overlaps the region where prehistoric acanthocephalan 
infections were reported (Fry, 1977). This overlap presents a con-
vincing paleoepidemiological picture of the relation of subsistence 
to thorny-headed worm infection. 
One of the truly fascinating aspects of archaeoparasitology is 
the evidence of zoonoses that can be revealed by studies of ancient 
peoples (Reinhard and Bryant, 2008; Sianto et aI., 2009). The 
most long-standing zoonosis topic is the acanthocephalan para-
sitism of Archaic hunter-gatherer peoples in the Great Basin and 
its margins (Moore et aI., 1969; Hall, 1972, 1977; Fry, 1977; 
Gon9alves et aI., 2003; Reinhard and Bryant, 2008). Coprolite 
analysts have identified acanthocephalan eggs from sites through 
10,000 yr of time (Table I). 
Acanthocephalan infection was a focus of research early in the 
history of archaeoparasitology (Moore et aI., 1969), and these 
first findings made a sensation among acanthocephalan experts 
(e.g., Schmidt, 1971). As coprolite analysis expanded from the 
Great Basin to other regions of the Southwest, it became obvious 
that prehistoric acanthocephalan infection was largely limited to 
the Great Basin cultural region, both in the geographical Great 
Basin per se, and on its eastern margin (Reinhard, 1990). The 
margins include Great Basin borders with the Colorado Plateau 
and the Uinkaret Plateau. The extensive analyses of coprolites 
from the Ancestral Pueblo core region revealed no evidence of 
infection, with the exception of a single find mentioned by 
Gummerman et aI. (1972) from Black Mesa, Arizona. However, 
this discovery was not fully documented and remains anecdotal to 
this day. 
Some finds of acanthocephalans from archaeological sites were 
identified as Moniliformis clarki (Moore et aI., 1969; Fry, 1977). 
There are clinical reports of human infection with a related species 
in Nigeria and Iran. Ikeh et aI. (1992) found Moniliformis 
moniliformis eggs in the feces of a man with intestinal symptoms. 
Also, M. moniliformis was found in feces of a child (Sahar et aI., 
2006), while Berenji et aI. (2007) reported moniliformis in Iran 
from a 2-yr-old girl who ate cockroaches. Her symptoms were 
abdominal pain, diarrhea, vomiting, and facial edema. Salehabadi 
et aI. (2008) also reported M moniliformis. Thus, the archaeology 
reports, combined with current clinical reports, show that both 
species of Moniliformis can infect humans. Experimental infection 
with Archiacanthocephala in humans causes severe abdominal 
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TABLE I. Previous acanthocephalan finds from the Great Basin and 
Colorado Plateau. 
No. coprolites No. Date range 
Site analyzed positive (yr ago) 
Great Basin 
Danger Cave, Utah 46 6 11,500-1,800 
Dirty Shame, Oregon 13 9,500--5,900 
Hogup Cave, Utah 50 2 10,000-4,000 
Colorado Plateau 
Clyde's Cavern, Utah 25 2 1,560--500 
Glenn Canyon, Utah 30 2 900-700 
pain, diarrhea, sleepiness, and tinnitus in the ears (Moore et ai., 
1969). Natural infections in humans cause ulceration in the 
abdominal wall and intensive pain (Leng et ai., 1983). 
The picture of acanthocephalan parasitism for the Great Basin 
became more complicated when Reinhard (1990) determined that 
at least 2 additional morphological types of eggs were present, 
beyond those reported from Danger Cave and Hogup Cave, Utah. 
Those from Danger Cave and Hogup Cave were consistent with M 
clarki, while the eggs from Clyde's Cavern, Utah, and Dirty Shame 
Rockshelter, Oregon, represented 2 distinct morphologies. The 
authors of these studies did not, however, provide sufficient details 
of the finds to allow for diagnosis (Reinhard, 1990). Therefore, it 
appears that as many as 3 species of acanthocephalans infected 
prehistoric people in the Great Basin. 
Previously, we reported the discovery of a tick from Antelope 
Cave in Mojave County, Arizona, on the Uinkaret Plateau 
(Johnson et ai., 2008). With regard to physical geography, Ante-
lope Cave is outside of the Great Basin. However, with regard to 
cultural geography, the Kaibab and Piaute Tribes are considered 
part of the Great Basin cultural geography. The cultural affinity 
of the Uinkaret region to the Great Basin suggested to us that 
prehistoric people there may have been infected with acantho-
cephalans. Therefore, we undertook the analysis of coprolites to 
test for infection. 
MATERIALS AND METHODS 
Antelope Cave is located on the Arizona strip in the northwest corner of 
Arizona, 40 Ian southeast of the nearest city, St. George, Utah. It is a 
large, subterranean limestone cavern sunk into the semiarid, gently rolling 
plains of the Uinkaret Plateau, about 1,420 m above sea level. The cave 
interior measures 107 m north-south and 46 m east-west. Prehistoric 
Native Americans first occupied this underground site 4,000 yr ago and 
made use of it at least until A.D. 1150. The most abundant cultural 
materials at the cave are attributed to the Ancestral Puebloan (Virgin 
Anasazi) peoples. Lyneis (1995) characterized the Virgin Anasazi as 
typically organized into small communities that practiced agriculture 
(corn, beans, and squash) along with hunting game and gathering wild 
plant foods. Some culture contact with adjacent societies is evident from 
the occurrence of Fremont (Utah) pottery in Virgin Anasazi sites, but 
more intense relations appear to have been with the Kayenta Anasazi in 
northeastern Arizona. 
Scientific investigations at Antelope Cave began in 1954 under the 
direction of Robert Euler of the Museum of Northern Arizona. 
Subsequent excavations were carried out by archaeologists from the 
University of California-Los Angeles (UCLA) (Johnson and Pendergast, 
1960) and Brigham Young University (Janetski and Hall, 1983; Janetski 
and Wilde, 1989). The present report focuses on the analysis of human and 
animal coprolites from the UCLA excavations. 
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In the summer of 1959, UCLA archaeologists excavated five 2 X 2-m 
pits into the dry, prehistoric midden deposit of Antelope Cave. These units 
were designated AC59-l through 5. The midden deposit was greatest in 
adjoining units AC59-2 and 5, where the depth of the cultural debris 
measured 183 cm from the surface of the ground to the bottom of the pits. 
Several 14C dates indicate that the midden was deposited from A.D. 680 to 
A.D. 960. Thus, the Virgin Anasazi people successfully occupied Antelope 
Cave, perhaps intermittently, for more than 250 yr. 
The 5 excavation units yielded a rich assortment of cultural materials. 
Artifacts include fiber sandals, cordage, basketry, rabbit nets, feather 
ornaments, wooden arrows, pottery sherds, lithic seed grinding tools, and 
more. 
Factors of special interest are the animal bones recovered during the 
excavation. Jacob Fisher at the University of Washington has analyzed 
faunal remains that number 23,400 specimens. Of these, all but 300 
represent jackrabbits or cottontail rabbits. The following is a list of the 
identified animals in the faunal collection: mountain sheep (Artiodactyla); 
bats (Chiroptera); wood rats and pocket gophers (Rodentia); jackrabbits 
and cottontail rabbits (Lagomorpha); dogs (or foxes) and bobcats 
(Carnivora); owls, ravens, flickers, and ducks or geese (Aves); and turtles 
(Testudines). 
Additional Antelope Cave fauna identified in the Brigham Young 
University collections include mule deer, antelope, wild turkey, mouse, 
Canada goose, pinyon jay, and thresher (Janetski and Hall, 1983; Janetski 
and Wilde, 1989). From a parasitological perspective, it is important to 
emphasize that peccary, pig, and raccoon were not present in the cave. If 
present, these animals could have hosted acanthocephalans. 
There were 190 coprolites, both human and animal, recovered by 
UCLA in 1959. These were not concentrated in latrine areas, but they were 
found scattered throughout all 5 pits. The highest concentration of 
prehistoric feces, 13, was encountered in the 76-91 cm level of AC59-4. 
Here, our main concern is with coprolite AC643. It came from the top 
0--15 cm level in excavation unit AC59-2 in Antelope Cave. A yucca quid 
from this level yielded a 14C date of 1,230 ± 40 yr B.P., cal A.D. 680-890 
(Beta 257786). 
Since the publication of Johnson et al. (2008), we have analyzed an 
additional 22 human and 4 canid coprolites for parasite evidence. The 
coprolites were analyzed in 3 different laboratories. Samples of21 coprolites 
were separated and sent to laboratories in Brazil and Argentina. All samples 
iii Brazil and Argentina were examined using the same rehydration 
technique (Callen and Cameron, 1960; Sianto, 2005), and then they were 
preserved in a 5% formalin/acetic solution. Slides were prepared after 
spontaneous sedimentation (Lutz, 1919) in conical glass jars and passed 
through a 297-JlIIl-diameter screen. Sediment obtained was used to prepare 
10 slides for each coprolite, which were observed using a microscope at 
X 100, and pictures were taken at x400. The analysis in Nebraska followed 
the procedures preciously published by Johnson et al. (2008), and the 
samples are stored in vials in glycerine at the Harold Manter Laboratory, 
University of Nebraska State Museum, Lincoln, Nebraska. 
RESULTS 
The results of the parasitological analysis are presented in 
Table II. One of the samples examined (AC643) was positive for 
TABLE II. Parasitological findings from Antelope Cave. 
Number analyzed 
Human coprolites 
22 
22 
22 
Animal coprolites 
4 
4 
Number positive Parasites observed 
2 Dermacentor andersoni only 
I Macracanthorhynchus ingens 
cf., and Enterobius 
vermicularis 
4 Enterobius vermicularis only 
Trichuris vulpis only 
Trichuris vulpis and 
unidentified egg 
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FIGURE 1. Thorny-headed worm egg (Acanthocephala). The egg is 
consistent with species of Macrocanthorhynchus. Bar = 20 ).1m. 
Enterobius vermicularis. In this same sample, thick-shelled eggs 
were also found. The general morphological characters and the 
presence of characteristic hooks in I extremity of the cystacanth .. , 
led to the diagnosis of Acanthocephala (Fig. I). Ten acantho-
cephalan eggs without outer shells were measured. The outer 
shells did not preserve well enough for measurement. The 
dimensions of the eggs (without the outer shell) were 30.0-37.5 
(35.62 ± 2.92; n = 6) J.llTI X 50.0--57.5 (55.62 ± 2.82; n = 6) !-lm. 
The poor preservation of the outer shells complicated identi-
fication. Two species, Macracanthorhynchus ingens and Macracan-
thorhynchus hirudinaceus, match the morphology of the recovered 
eggs. The dimensions of the eggs are closest to the lower limit of M. 
hirudinaceus eggs (Table III). The size of Moniliformis dubius eggs, 
based on measurement of the inner shell, is greater than that of the 
Antelope Cave specimen, also based on inner shell measurement. 
Therefore, the archaeological eggs are more consistent with M. 
hirudinaceus. Other characters support the Macracanthorhynchus 
diagnosis. Macracanthorhynchus spp. eggs have a dark color, while 
Moniliformis spp. eggs are translucent. Macracanthorhynchus spp. 
eggs possess a raphe on the outer shell. Moniliformis species have 2 
embryonaric membranes, while the M. hirudinaceus acanthor is 
covered by 4 membranes (Soulsby, 1987), and the second 
membrane is dark brown (Soulsby, 1987). These characters of 
Macracanthorhynchus spp. are consistent with the archaeological 
eggs (Fig. 1). Moreover, the acanthor is generally more elliptical in 
species of M oniliformis than in Macracanthorhynchus spp. 
According to Taylor et al. (2001), the archeacanthocephalan 
species, i.e. , Acanthocephalus rauschi, M. hirudinaceus, M . ingens, 
and Moniliformis moniliformis, are all zoonotic. The M. hirudina-
ceus life cycle includes a vertebrate host, mainly wild and domestic 
pigs, which are infected by eating beetles (Miyazaki, 1991). There 
are also records of human infections by paleoacanthocephalans, 
i.e., Bolbosoma sp. (Tada et aI., 1983), Corynosoma sp., and 
Acanthocephalus sp. (Schmidt, 1971; Cabrera et aI., 1999). 
Lambl first recorded human infection by M. hirudinaceus in 
1959, in Prague, Czech Republic (Schmidt, 1971). There have 
been other findings of adults of this parasite in humans, and eggs 
have also been found in fecal material (Gonzaga, 1921). How-
ever, adults and eggs have never been found together in the same 
human individual. Therefore, true infection and complete adap-
tation of the parasite to humans has never been proven. 
TABLE III. Summary of the egg measurements of each of the different modern acanthocephalan species. Measurements are in ).1m. Archaeological 
specimens are susceptible to shrinkage, especially with regard to the outer shell. This makes detailed comparison to modern eggs impossible. The inner 
shells of the archaeological specimens are well preserved, but few earlier authors measured the inner sheIls. 
Species 
Antelope Cave 
Macracanthorhynchus hirudinaceus Miyazaki (1991) 
M. hirudinaceus Acha and Szyfres (1989) 
M. hirudinaceus Olsen (1977) 
M. hirudinaceus Travassos (1917) 
M. hirudinaceus Souls by (1980) 
Moniliformis moniliformis Sahar et al. (2006) 
M. moniliformis AI-Rawas et al. (1977) 
M. moniliformis Neafie and Marty (1993) 
Moniliformis dubius Miyazaki (1991) 
M. dubius Olsen (1977) 
M. dub ius Sahba et al. (1970) 
M. dubius Yamaguti (1963) in Sahba 
et al. (1970) 
M. dub ius Travassos (1917) 
Onico/a martini Schmidt (1977) 
0. schacheri Schmidt (1972) 
O. oncico/a Travassos (1917) 
0. canis Soulsby (1980) 
Inner shell width ().1m) Outer shell width ().1m) Inner sheIl length ().1m) Outer shell length ().1m) 
33-39 
37-43 
30.0-37.5 
40--50 
46-65 
51-56 
40-65 
65 
41-70 
54 
57-67 
54-64 
41-54 
40-63 
71-74 
40-44 
40-44 
71-75 
40-50 
53-58 
88- 97 
50.0- 57.5 
80- 100 
70- 100 
70--100 
92- 100 
67-1/0 
100 
80- 102 
103 
109- 123 
112-120 
70- 83 
85-163 
124-127 
60- 64 
70- 78 
99 
59- 71 
FIGURE 2. The tick recovered in this analysis is very similar to the 
specimen of Dermacentor andersoni recovered from Antelope Cave and 
presented by Johnson et al. (2008). The upper image is the ventral view, 
and the lower image is the dorsal view. The capitulum is visible from both 
sides. The coxal spurs are obvious, and palpi are short, about as long as 
the basis capituli. The basis capituli is essentially rectangular. Unlike the 
previously published specimen, the hypostome is well preserved in 
this specimen. 
Although species of Macracanthorhynchus are globally distrib-
uted, modern human cases have higher prevalence in China 
due to consumption of raw arthropods as food or medicine 
(Miyazaki, 1991). 
Macracanthorhynchus ingens is endemic to Arizona, but there is 
only I clinical record of a M. ingens human infection. This was in 
a lO-mo-old child in Texas who became infected by eating crickets 
(Dingley and Beaver, 1985). Millipedes and insects, such as 
roaches and crickets, are the intermediate hosts of M. ingens. 
DISCUSSION 
The Antelope Cave find adds even more complexity to our 
knowledge of zoonotic parasitism by acanthocephalans. First, this 
is the first find of acanthocephalan infection in Arizona and 
within the Ancestral Pueblo cultural range. Second, this is a new 
species discovery from the archaeological record. The finds are 
consistent with species of Macracanthorhynchus, of which M. 
ingens is endemic in Arizona. The fact that it is associated with the 
human-specific pinworm E. vermicularis shows that this was 
indeed an acanthocephalan infection of a human. 
The pinworm, E. vermicularis, was a universal parasite of 
Ancestral Puebloans. Enterobiasis is a population-dependent, 
crowd parasite that varies with population density. Hugot et al. 
(1999) found that the highest prevalence among Ancestral 
Puebloans was in stone-walled villages constructed in caves or 
rock shelters. The villages in Mesa Verde, the Grand Gulch, and 
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FIGURE 3. Helminth eggs recovered from canid coprolites. A single, 
poorly preserved capillarid or trichurid egg (A) was found in dietary 
analysis of the coprolite scans. No other eggs of this morphology were 
found in the parasitological analyses. Trichuris trichiura eggs, in 
comparison, were nearly pristine in preservation. The smallest egg (A) 
showed preservation of one polar plug, but the embryonic mass was 
compressed by desiccation to one part of the egg. Larger eggs are 
represented by (B). This egg exhibits preservation of both polar plugs and 
a well-preserved larva. 
Canyon de Chelly represent high-prevalence sites. On an average, 
20% of coprolites from these areas are positive for pinworm. 
Chaco an great houses represented the greatest variation accord-
ing to Hugot et al. (1999), ranging between 8% and 21%. 
Reinhard (2008) explored the reasons behind this variation and 
discovered that when great houses were occupied by smaller 
populations, infection declined. Smaller Ancestral Pueblo camps 
had the lowest prevalence range, between 0% and 5%. Five of 22 
Antelope Cave human coprolites contained pinworm eggs, result-
ing in an average prevalence of 22%. This is relatively high and 
suggests that the people who used Antelope Cave experienced 
crowding at some point in their annual cycle that promoted crowd 
diseases such as pinworm. 
Other parasite findings from Antelope Cave are of interest. The 
discovery of a second masticated tick in a human coprolite sup-
ports our previous interpretation that ticks were eaten by the 
inhabitants of Antelope Cave (Fig. 2). We suggest that when the 
inhabitants found ticks on their bodies, they removed them, 
crushed them with their teeth, and swallowed them. 
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The canid coprolites from domestic dogs were posltIve for 
Trichuris vulpis and perhaps a capillarid (Fig. 3). With respect to 
the latter possibility, only 1 egg was found, and it was poorly 
preserved. Repeated efforts to locate more eggs were unsuccessful. 
Since rabbit and lizard bones were found in the Antelope Cave 
canid coprolite, this egg could be from a capillarid or trichurid of 
a prey animal eaten by a dog. 
The T. vulpis eggs were well preserved but in low numbers. Less 
than 500 eggs per gram of coprolite were found in 2 of 4 canid 
coprolites. They ranged in length from 68 to 76 !JlTI and in width 
from 32 to 34 !JlTI. The preservation of some eggs was pristine, 
with larvae and polar plugs intact. Even the worst-preserved T. 
vulpis eggs contained some embryonic mass (Fig. 3). The life cycle 
of T. vulpis is monoxenous, without intermediate hosts. The eggs 
are laid in the intestine, passed in feces, and mature to infective 
stage in 2-4 wk. The discovery of T. vulpis is even more note-
worthy because Trichuris trichiura has never been recovered from 
Ancestral Pueblo coprolites (Leles et aI., 2010). The find of T. 
vulpis in 2 of 4 coprolites suggests a high number of dogs, since T. 
vulpis is generally found in dogs from high population densities. 
By examining coprolites from Antelope Cave, we have expanded 
our understanding of the totality of Ancestral Pueblo parasitism, 
both for humans and their companion dogs. It is clear that the diet 
of Ancestral Puebloans, like other ancient and historic people of 
the Great Basin, made them susceptible to acanthocephalan 
infection. The pinworm data suggest that the Virgin River branch 
of Ancestral Pueblo culture lived in crowded habitations similar to 
their contemporaries in the Colorado Plateau. Ticks are a unique 
find at Antelope Cave in human coprolites, as are T. vulpis eggs in 
dog coprolites. 
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DISCOVERY OF THREE NOVEL COCCIDIAN PARASITES INFECTING CALIFORNIA SEA 
LIONS (ZALOPHUS CALIFORNIANUS), WITH EVIDENCE OF SEXUAL REPLICATION AND 
INTERSPECIES PATHOGENICITY 
Kathleen M. Colegrove, Michael E. Grigg*, Daphne Carlson-Bremert, Robin H. Miller*, Frances M. D. Gulland:):, David J. P. 
Ferguson§, Daniel Rejmanekt, Bradd C. Barr II, Robert Nordhausen II, Ann C. Mellit, and Patricia A. Conradt 
Zoological Pathology Program, College of Veterinary Medicine at Urbana-Champaign, Loyola University Medical Center, Building 101, Room 0745, 
2160 South First Avenue, Maywood, Illinois 60153. e-mail: kcolegrove@lumc.edu 
ABSTRACT: Enteric protozoal infection was identified in 5 stranded California sea lions (Zalophus californianus), Microscopically, the 
apical cytoplasm of distal jejunal enterocytes contained multiple stages of coccidian parasites, including schizonts with merozoites and 
spherical gametocytes, which were morphologically similar to coccidians. By histopathology, organisms appeared to be confined to the 
intestine and accompanied by only mild enteritis. Using electron microscopy, both sexual (microgametocytes, macrogamonts) and 
asexual (schizonts, merozoites) coccidian stages were identified in enterocytes within parasitophorous vacuoles, consistent with 
apicomplexan development in a definitive host. Serology was negative for tissue cyst-forming coccidians, and immunohistochemistry 
for Toxoplasma gondii was inconclusive and negative for Neospora caninum and Sarcocystis neurona. Analysis of ITS-I gene sequences 
amplified from frozen or formalin-fixed paraffin-embedded intestinal sections identified DNA sequences with closest homology to 
Neospora sp. (80%); these novel sequences were referred to as belonging to coccidian parasites "A," "B," and "c." Subsequent 
molecular analyses completed on a neonatal harbor seal (Phoca vitulina) with protozoal lymphadenitis, hepatitis, myocarditis, and 
encephalitis showed that it was infected with a coccidian parasite bearing the "C" sequence type. Our results indicate that sea lions 
likely serve as definitive hosts for 3 newly described coccidian parasites, at least I of which is pathogenic in a marine mammal 
intermediate host species. 
Marine mammals serve as definitive or intermediate hosts for 
a variety of apicomplexan protozoan parasites, most notably 
Eimeria phocae, Toxoplasma gondii, and Sarcocystis neurona 
(Miller, 2008). Very little is known about the extent and diver-
sity of coccidian parasites infecting pinnipeds. Among pinniped 
species, T. gondii infection has been documented in a Hawaiian 
monk seal (Monachus schauinslandi), a northern elephant seal 
(Mirounga angustirostris), a northern fur seal (Callorhinus 
ursinus), harbor seals (Phoca vitulina), and California sea lions 
(Zalophus californianus), which all serve as intermediate hosts 
(Dubey et aI., 2003; Conrad et aI., 2005; Honnold et aI., 2005). 
Sarcocystis spp. infection has most commonly been reported in 
Pacific harbor seals (Lapointe et aI., 1998; Colegrove et aI., 2005). 
Serologic analysis using a recombinant antigen derived from the 
major surface antigen NcSAG 1 detected antibodies consistent 
with infection by Neospora caninum in harbor seals and spotted 
seals (Phoca largha) in Japan (Fujii et aI., 2007). Exposure to N. 
caninum has been postulated in walrus (Odobenus rosmarus), sea 
otters (Enhydra lutris nereis), harbor seals, sea lions, ringed seals 
(Phoca hispida), bearded seals (Erignathus barbatus), and bot-
tlenose dolphin (Tursiops truncatus) based on serology using an N. 
caninum agglutination test (Dubey et aI., 2003). Enteric apicom-
plexan parasites reported in pinnipeds include E. phocae and 
Cryptosporidium spp. (Deng et aI., 2000; Van Bolhuis et aI., 2007; 
Dixon et aI., 2008). Both fatal enterocolitis and self-limiting 
enterocolitis have been associated with E. phocae infections in 
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harbor seals, and both sexual stages and oocysts have been noted 
in affected intestines, indicating that harbor seals are a definitive 
host (Van Bolhuis et aI., 2007). The pathogenicity of E. phocae in 
other species has not been described. Coccidian oocysts have also 
been identified in fecal samples from several species from the 
Antarctic, including southern elephant seals (Mirounga leonine) 
and Weddell seals (Leptonychotes wedelli) (Drozdz, 1987). 
Serologic evidence for infection with T. gondii has been found 
in a number of marine mammal species and has been associated 
with disease in mustelids, sirenians, cetaceans, and pinnipeds 
(Buergelt and Bonde, 1983; Dubey et aI., 2003; Miller, 2008). 
Serosurveys have shown that there is a high level of exposure to T. 
gondii in the southern sea otter of California (Miller et aI., 2002; 
Conrad et aI., 2005), and T. gondii meningoencephalitis has been 
shown to be a significant cause of mortality, accounting for 16% 
of mortalities in 1 study (Kreuder et aI., 2003). Evidence exists to 
indicate that T. gondii infections in southern sea otters are related 
to exposure to environmentally resistant oocysts shed in felid feces 
and transported to the marine environment by freshwater runoff 
(Miller et aI., 2002, 2008), where prey species such as mussels 
(Arkush et aI., 2003; Miller et aI., 2008) and turban snails 
(Johnson et aI., 2009) serve as a source of T. gondii oocysts in the 
marine environment. However, T. gondii infections in pelagic 
marine mammal species have also been noted, and the source of 
these infections remains enigmatic (Conrad et aI., 2005). The 
diversity of T. gondii infections noted in marine mammal species 
suggests that transmission of T. gondii may not be completely 
explained by land-to-sea transport of infective oocysts. The 
present study investigated whether sea lions could serve as 
definitive hosts for tissue cyst-forming coccidian parasites. 
We recently observed coccidian parasites within the small 
intestine of 5 free-ranging California sea lions during routine 
postmortem examinations. In all cases, both sexual and asexual 
stages resembling a coccidian parasite were found within enter-
ocytes. These unexpected findings compelled further investigation 
to determine whether the sea lion could serve as a definitive host for 
coccidian species and their possible relationship to known cyst-
forming coccidians, e.g., T. gondii, N. caninum, and S. neurona. Our 
COLEGROVE ET AL.-ENTERIC PARASITES IN SEA LIONS 869 
TABLE I. Details of the 5 California sea lion (CSL) and 1 harbor seal (HS) cases with protozoal infection. 
Time in rehabilitation 
Case no. Species AnimalID Gender Age class Stranding county before death (days) Cause of death 
Sea lion CSL 6489 Female Juvenile San Luis Obisbo 26 Domoic acid toxicity 
2 Sea lion CSL 6457 Female Juvenile Sonoma 36 Domoic acid toxicity 
3 Sea lion CSL 7753 Male Yearling San Luis Obisbo 9 Pneumonia 
4 Sea lion CSL 7740 Male Yearling Santa Cruz 0 Pneumonia 
5 Sea lion CSL 7787 Male Yearling Marin 27 Pneumonia 
6 Harbor seal HS 1634 Female Neonate San Mateo 0 Disseminated protozoal infection 
results suggest that sea lions serve as definitive hosts for 3 previously 
undescribed apicomplexan protozoan parasites, at least 1 of which appears 
to be pathogenic to harbor seals. 
MATERIALS AND METHODS 
Animal information and serology 
Details of the 5 cases of enteric protozoal infection (cases 1-5) in 
stranded California sea lions are included in Table I. Case 6 was a 
neonatal harbor seal that was found lethargic and that died shortly after 
stranding. Following stranding along different areas of the central 
California coast, animals were housed at The Marine Mammal Center 
(TMMC), Sausalito, California, for rehabilitation and medical care for a 
period of up to 36 days prior to death or being killed due to poor 
prognosis. Age class determination was based on standard length, weight, 
and tooth size (Greig et aI., 2005). Clinical signs in sea lions prior to death 
or being killed included seizures, abnormal behavior, vomiting, and 
diarrhea. Sera samples collected during rehabilitation, or at the time of 
being killed, or both, were tested for the presence of IgG to T. gondii, S. 
neurona, and N. caninum via indirect immunofluorescent antibody testing 
(IFAT), as previously described (Miller et aI., 2002). 
Necropsy and histology 
Necropsy of all sea lions and the neonatal harbor seal was performed 
within 12 hr of death at TMMC. Representative tissue samples from all 
organs, including between 3 and 6 separate sections of small intestine, 
were fixed in 10% neutral buffered formalin and sent either to the 
Zoological Pathology Service, College of Veterinary Medicine, University 
of Illinois at Urbana-Champaign, the Pathology Service, Veterinary 
Medical Teaching Hospital, School of Veterinary Medicine, University of 
California at Davis, or the Armed Forces Institute for Pathology (AFIP), 
Washington, D.C., for processing and analysis. Tissues were embedded in 
paraffin, and 5-~m sections were stained with hematoxylin and eosin. 
Immunohistochemistry 
Immunohistochemistry for T. gondii (3 differently sourced polyclonal 
anti-To gondii antibodies were used; [1] rabbit polyclonal, ARI25-5R, 
Biogenex Laboratories, Inc., San Ramon, California; [2] rabbit polyclonal 
produced from Me49 T. gondii isolate, California Animal Health and 
Food Safety Laboratory, Davis California; and [3] rabbit polyclonal, 
Statens Serurnistitut, Copenhagen, Denmark), S. neurona (monoclonal 
clone 2G5-2T75) (Marsh et aI., 2002), and N. caninum (rabbit polyclonal, 
produced from bovine fetal isolate #66, California Animal Health and 
Food Safety Laboratory, Davis, California) (Conrad et al., 1993) was 
performed on sections of intestine for each of the 5 sea lion cases of enteric 
infection using established methods (Miller et aI., 2001; March et aI., 2002; 
Ferguson, 2004). Positive controls for T. gondii immunohistochemistry 
included T. gondii-infected cat lymph node and intestine (source 1), T. 
gondii-infected cat brain and lung (source 2), and T. gondii-infected cat 
intestine with sexual and asexual stages present (source 3). Positive 
controls for S. neurona and N. caninum immunohistochemistry included 
brain stem from a S. neurona-infected horse and brain from a N. caninum-
infected nude mouse, respectively. In addition, sections of hippocampus 
and mesenteric lymph node from cases 1 and 2 were stained using T. gondii 
antibodies from source 2. Immunohistochemistry for T. gondii, S. neurona, 
and N. caninum was also performed on sections of affected lymph node 
from case 6. 
For 1 of the 5 affected sea lions (case 2), immunohistochemistry was 
conducted as previously described on intestine sections using a suite 
of antibodies previously characterized for their staining characteristics 
against the stages found in both the definitive and intermediate hosts, 
including anti-SAG 1, anti-BAG 1, anti-enolase (ENO) isoforms 1 and 2, 
lactic dehydrogenase (LDH) isoforms 1 and 2, anti-Rop 2.3.4, anti-GRA 
1, anti-Tg ENR, and anti-Tg MORN 1. Antibodies are known to 
recognize molecules and iso-enzymes expressed during different stages of 
development (Ferguson, Cesbron-Delauw et aI., 1999; Ferguson, Jacobs 
et aI., 1999; Ferguson et aI., 2002; Ferguson, 2004; Ferguson et aI., 2008). 
Transmission electron microscopy 
For electron microsc9PY, portions of formalin-fixed intestine from 2 of 
the 5 sea lions (cases 1 and 2) with enteric infection were placed in 
modified half-strength Karnovosky's fixative. The tissue was washed in 
0.2 M sodium cacodylate after osmium fixation and dehydrated through 
a graded ethanol series, transitioned through propylene oxide, and 
infiltrated and embedded in Spurr epoxy formulation. Thick sections 
were mounted onto glass slides, stained by toluidine blue 0, and examined 
by light microscopy to determine appropriate areas for thin section 
examination. Thin sections were cut, mounted onto 150-mesh copper 
grids, stained briefly by 6% methanolic uranyl acetate, and counterstained 
with Reynold lead citrate before examination by transmission electron 
microscopy at 60 kV accelerating voltage (Jsoimg, 1982). 
TABLE II. Results of Indirect Fluorescent Antibody Test (IF AT) IgG serology for the 5 sea lions and 1 harbor seal with protozoal infection. 
Toxoplasma Sarcocystis 
Case no. Species Dates blood sample taken Date of death gondii titer neurona titer Neospora caninum titer 
1 Sea lion 5 March 19 March 2005 1 <1:40 1 <1:40 1 <1:40 
2 Sea lion 12 December, 15 January 15 January 2005 1<1:40 1<1:40 1 <1:40 
3 Sea lion 19 July 19 July 2008 1 <1:40 1 <1:40 1 <1:40 
4 Sea lion None available 
5 Sea lion 22 August 22 August 2008 1 <1:40 1<1:40 1 <1:40 
6 Harbor seal 14 March 14 March 2006 1 <1:40 1 <1:40 1 <1:40 
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FIGURE 1. Sections of California sea lion (Zalophus californianus) (case 2) small intestinal villi containing sexual and asexual coccidian stages. All 
sections were stained with hematoxylin and eosin. (A) Numerous coccidian stages within the apical cytoplasm of enterocytes (arrows). Bar = 50 )lm. 
(B) Oval to cigar-shaped schizonts (arrowheads), a mature schizont with peripherally arranged developing merozoites (star), and a macrogamont 
(arrow). Bar = 20 )lm. (C) Multiple coccidian stages within enterocytes including schizonts (arrowheads) and a macro gamont (arrow). Inset: Higher 
magnification of macro gamont. Bar = 20 )lm. (D) Schizonts (arrowheads) and a microgamont (arrow) within enterocytes. Inset: Higher magnification of 
micro gamont. Bar = 20 )lm. 
DNA extraction and peR amplification 
DNA was extracted from paraffin-embedded, formalin-fixed samples of 
intestine (cases 1-5) and fresh frozen samples of duodenum, jejunum, 
mesenteric lymph node, heart, and brain (cases 3-5) from affected sea 
lions using either the formalin-fixed paraffin-embedded (FFPE) or DNA 
tissue extraction protocol, respectively (Qiagen DNeasy blood and tissue 
kit; Qiagen, Valencia, California). DNA was extracted from the neonatal 
harbor seal (case 6) from fresh frozen brain, liver, lung, kidney, tonsil, 
uterus, spleen, and inguinal and tracheobronchial lymph nodes. Primers 
flanking the internal transcribed spacer I (ITSl) region were used in 
order to detect multiple coccidian parasite infections (Wendte et ai., 2010). 
Two microliters of eluted DNA from all extracted tissues were used in the 
first round of nested 50-)l1 PCR reactions. PCR reactions were carried out 
in an Eppendorf master cycler under the following reaction conditions: 
5.0 )ll lOX PCR buffer with MgCh (15 mM), 5.0 )ll of 100 )lM dNTPs, 
0.5 )lM of each primer, and 1.5 U Taq polymerase (Sigma-Aldrich, St. 
Louis, Missouri). After initial denaturation of templates and primers (94 C, 
5 min), 35 cycles of the following conditions were used: 95 C for 40 sec, 
58 C for 40 sec, and 72 C for 90 sec, followed by a 10 min extension at 
72 C. In the second round of the nested reaction, I )ll of product DNA 
from the first round was used as the DNA template. Reaction times and 
conditions were identical to the first round. Additionally, T gondii-
specific primers targeting the BI gene were used to amplify T gondii DNA 
from frozen and paraffin-embedded samples (Grigg and Boothroyd, 
2001). 
Five-microliter samples of PCR product were electrophoretically 
separated in a 1% agarose gel stained with GelRed (Biotium, Inc., 
Hayward, California) and visualized under UV light. PCR products were 
incubated for 15 min with ExoSAP-IT (USB Corporation, Cleveland, 
Ohio) prior to DNA sequencing. DNA sequencing was carried out by the 
RML Genomics Unit, Hamilton, Montana. A BLAST search was used to 
compare these sequences to similar sequences available in GenBank, and 
sequences were aligned using the SeqMan software (DNASTAR, Inc., 
Madison, Wisconsin). 
RESULTS 
Serology 
IF AT IgG serum titers to T gondii, S. neurona, and N. caninum 
in cases 1, 2, 3, 5, and 6 were all < 1:40 (Table II) and considered 
negative. Serum was not available for analysis for case 4. 
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FIGURE 2. Section of lymph node from a neonatal harbor seal (Phoca vitulina) with in utero protozoal infection (case 6). All slides were stained with 
hematoxylin and eosin. (A) Area of necrosis and granulomatous inflammation. Bar = 100 ~m. (8) Multiple protozoal zoites within a macrophage 
(arrow). Bar = 50 ~m. 
Pathology 
In all 5 sea lions with enteric infection, multiple stages of 
coccidian parasites were noted within the apical cytoplasm of 
enterocytes in the small intestine (Fig. I). Coccidian parasites 
were most commonly found in the distal small intestine and 
ileum. Within affected sections of intestine, infection was highly 
segmental. Organisms ranged from oval, 3- to 8-)lm-diameter 
schizonts within clusters to parallel-arranged, pyriform, and 
approximately 2-3-)lm by 6- 8-)lm merozoites within a 7-10-)lm-
diameter parasitophorous vacuole. Some schizonts were up to 
approximately 15 )lm in diameter and had peripherally arranged 
merozoites with central pale basophilic regions or parallel-
arranged merozoites that appeared to be budding (Fig. I B). Up 
to approximately 7-)lm-diameter round gametes were occasionally 
observed within parasitophorous vacuoles in the apical enterocyte 
cytoplasm. Some gametes had a single large distinct eosinophilic 
nucleus most consistent with macrogamonts (Fig. 1 C). Others 
contained multiple small dark basophilic structures and were 
most consistent with microgamonts (Fig. 1 D). Intestinal infec-
tions varied greatly in intensity among affected sea lions, and 
merozoites and schizonts were the most numerous protozoal 
forms noted. Sexual coccidian stages were more commonly noted 
in animals with heavier parasite loads, and macrogamonts were 
more easily identified histologically compared to microgamonts. 
Coccidian infection was accompanied by only mild inflammation, 
similar to what is commonly found in many free-ranging sea 
lions. The adjacent lamina propria contained small numbers of 
lymphocytes, plasma cells, and rare neutrophils or eosinophils. 
Mesenteric lymph nodes exhibited moderate to marked cortical 
lymphoid hyperplasia. 
In the 5 affected sea lions (cases 1- 5), protozoan infections 
were determined to be of no clinical significance, and death was 
attributed to non-parasite-related health problems. Protozoan 
organisms were not observed in extra-intestinal tissues in any of 
the 5 affected sea lions. In 2 of the 5 sea lions (cases 1 and 2), 
death was attributed to domoic acid toxicosis with characteristic 
hippocampal lesions (Silvangi et aI., 2005). Severe pneumonia and 
concurrent emaciation were determined to be the causes of death 
for the remaining 3 animals (cases 4-6). 
In the harbor seal (case 6), neutrophilic and granulomatous 
inflammation and necrosis were noted in multiple lymph nodes 
associated with rare, 2-3-)lm, round to oval, intrahistiocytic 
protozoan zoites (Fig. 2). Additionally there was multifocal 
necrotizing hepatitis, encephalitis, and myocarditis; however, no 
protozoal organisms were noted within the heart, liver, intestine, 
or brain. The gastrointestinal tract was devoid of ingesta, 
indicating that the seal pup had not nursed prior to death and 
infection occurred in utero. 
Immunohistochemistry 
In all 5 of the affected sea lions, both asexual and sexual stages 
of protozoal parasites, including schizonts, merozoites, and 
gametes, in intestine' mucosal cells were strongly immunoreactive 
to all 3 of the T. gondii polyclonal antibodies tested (Fig. 3). It 
should be noted, however, that the specificity of the anti- T. gondii 
antibodies utilized has not been evaluated against the enteric 
stages of other coccidian parasites. Immunohistochemical results 
were evaluated in more detail by staining sea lion and T. gondii-
infected cat intestinal sections in parallel with monospecific 
antibodies that recognize various stages of T. gondii. Of the 6 
antibodies known to stain the coccidian stages of T. gondii 
(EN02, LDHl, ROP2, 3, 4, GRA7, and NTPase), only EN02 
showed any evidence of positive staining, with all the others being 
negative compared to the T. gondii stages in control sections 
(Figs. 3B-E). However, the EN02 staining in the sea lion 
intestine differed from that seen with T. gondii staining in the 
felid definitive host, with the absence of strong nuclear staining 
(Figs. 3B, C). 
Protozoal stages did not react with polyclonal antibodies to N. 
caninum or monoclonal antibodies to S. neurona. Sections of 
hippocampus and mesenteric lymph node in cases I and 2 were 
negative using the T. gondii antibody. In the harbor seal, case 6, 
immunohistochemistry for T. gondii, S. neurona, and N. caninum 
in sections of affected lymph node was negative; however, 
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FIGURE 3. Sections of California sea lion small intestine (case 2) (A, B, 
D) and cat intestine infected with the coccidian stages of Toxoplasma 
gondii (C, E) stained with various anti-Toxoplasma antibodies. In (A) , 
section was labeled with anti-Toxoplasma polyclonal antibody from 
source 2 and visualized with 3-amino-9-ethyl carbazole (AEC) chromogen. 
In (B-E), sections were double labeled with two antibodies (see below), 
visualized using FITC (green) and Texas red (red), and observed with a 
fluorescent microscope. (A) Section of sea lion intestine stained with the 
polyclonal anti-Toxoplasma antibody showing apparently positive stain-
ing of the enteric parasites. Bar = 50 ~m. Inset: Higher magnification 
illustrating an apparent immunopositive round macrogamont (arrow). 
Bar = 20 ~m. (B, C). Sections of sea lion (B) and cat (C) intestine double 
labeled with EN02 (green) and LDHI (red). There is some labeling of the 
parasites in both sections with EN02, while LDHI staining is limited to 
the Toxoplasma parasites in the cat intestine. Note that staining with 
EN02 in the sea lion intestine differs from the staining of T. gondii in the 
cat intestine in that parasite nuclei in the sea lion intestine are not strongly 
reactive to the antibody, suggesting nonspecific cross reaction. Ma, 
macrogamont; S, schizont. Bar = I ~m. (D, E) Sections of sea lion (D) and 
cat (E) intestine double labeled with Rop2,3,4 (green) and NTPase (red). 
Note that the parasites in the sea lion intestine are unstained, while the 
parasitophorous vacuoles and rhoptries of the Toxoplasma parasites in 
the cat intestine are strongly labeled. PV, parasitophorous vacuole; 
R , rhoptry; S, schizont. Bar = I ~m. 
protozoal organisms were not definitively visualized on immuno-
stained slides and, therefore, may not have been present in the 
replicate sections made for immunohistochemical analysis. 
Transmission electron microscopy 
Both merozoites and sexual coccidian stages were noted within 
apical cytoplasm of enterocytes above the host cell nucleus 
(Fig, 4), No zoites were noted within the lamina propria or within 
inflammatory cells. 
Many schizonts and merozoites were situated within a para-
sitophorous vacuole limited by a thin, well-developed membrane. 
Merozoites contained a conoid, micronemes, amylopectin gran-
ules, dense granules, and a nucleus and nucleolus (Fig. 4B). 
Rhoptries were difficult to definitively identify. Some schizonts 
showed developing merozoites. Microgamonts (N = 2) were 5.5-
6 ~m in diameter and surrounded by a parasitophorous vacuole 
membrane. Profiles of microtubules with a 9 + 2 arrangement 
could be visualized adjacent to the microgamonts within the 
parasitophorous vacuole and were considered to be microgamete 
flagellum. Microgametes in the early stages of development were 
adjacent to the surface of the microgamont (Fig. 4C). Macro-
gamonts (N = 5) ranged from 5.5 to 5.8 ~m in diameter and were 
surrounded by a parasitophorous vacuolar membrane. Macro-
gamonts contained a nucleus, nucleolus, wall-forming bodies, 
polysaccharide granules, and occasionally visible canaliculi 
(Fig.4D). 
PCR amplification of ITS-1 and 81 sequences 
Amplification of extracted DNA from frozen tissues (3 sea 
lions and I harbor seal) and formalin-fixed, paraffin-embedded 
intestine using pan-coccidian primers anchored in the llO-copy 
small subunit (SSU) I8S nuclear ribosomal gene complex, which 
amplifies across the size polymorphic ITS-l locus, produced 
bands of ~400 bp. DNA sequence analysis of these amplicons 
identified three sequence types, which were designated "A," "B," 
and "C" (Table III; Figs. 5, 6). Sequences "A," "B," and "C" 
were single, homogeneous sequence profiles, and no di-nucleotide 
sites were identified at this multicopy gene locus (Fig. 6). Each 
sequence type was distinct from each other but closely (~80%) 
orthologous to N. caninum and deposited in GenBank with 
the following accession numbers GU936629, GU936630, and 
GU936631 , respectively. DNA consistent with sequences "A" and 
" B" was concurrently amplified in all frozen tissues examined 
from sea lion 5. Although coccidian parasites were observed by 
histology and immunohistochemistry only within the intestine of 
affected sea lions, coccidian DNA was amplified from the brain, 
heart, and mesenteric lymph node of sea lions 4 and 5. The DNA 
sequence amplified from tissues from the neonatal harbor seal 
with disseminated infection (case 6) was identical to a sequence 
amplified from the intestine of sea lion case 2 ("C"). PCR using T. 
gondii- specific primers targeting the Bl gene failed to amplify T. 
gondii DNA on multiple repeat attempts. 
DISCUSSION 
This study describes the first report of an enteric coccidian 
parasite infection in California sea lions with morphological and 
ultrastructural evidence of asexual (schizonts and merozoites) and 
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FIGURE 4. Transmission electron micrographs of sea lion enterocytes containing sexual and asexual coccidian stages. (A) Enterocytes containing a 
microgamont (Mi) and a macrogamont (Ma); Hn, nucleus of host enterocytes. Bar = 211m. (B) Two merozoites with various organelles. N, nucleus; 
C, conoid; Dg, dense granules; M, microneme; Pm, parasitophorous vacuolar membrane. Bar = 111m. (C) Microgamont in the early stage of 
microgamete (Mi) formation. FI, microgamete flagellum; Pm, parasitophorous vacuolar membrane; Rn, residual nucleus of micro gamont. Bar = 111m. 
Inset: Higher magnification illustrating microgamete flagellum (FI). Bar = 500 nm. (D) Macrogamont with a large nucleus (N); Nu, nucleolus; Pm, 
parasitophorous vacuolar membrane; WBI, wall-forming body type I; WB2, wall-forming body type 2; Pg, polysaccharide granules. Bar = I ).UTI. 
sexual (macrogamonts, microgamonts) coccidian stages. The 
presence of all of these stages concurrently in the epithelium 
confirms the presence of a sexual cycle of replication occurring in 
the intestinal tract of affected sea lions, indicating that sea lions 
are definitive hosts of these coccidian parasites. Morphologically 
and ultrastructurally, these organisms were of similar size and 
morphologic appearance to sexual and asexual stages of both 
tissue cyst-forming and non-cyst-forming coccidian parasites 
(Ferguson et ai. , 1974, 1975; Dubey and Sreekumar, 2003; Speer 
and Dubey, 2005; Ferguson and Dubremetz, 2007). peR analyses 
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(cases 1-5) identified 3 previously unrecognized coccidian 
parasites, designated "A," "B," and "C," suggesting that multiple 
coccidian organisms can infect the sea lion intestine. 
Although immunohistochemistry revealed strong positive im-
munostaining for T. gondii using polyclonal antibodies from 
all 3 of the sources utilized, the polyclonal antibodies could 
potentially be cross reacting with closely related coccidians. For 
instance, cross reaction has been noted using the polyclonal 
antiserum from source 2 with Hammondia hammondii (B. Barr, 
unpubI. obs.) and with a Lankesterella species reported in white 
tree frogs (Gericota et aI., 2010). Due to the possibility of cross 
reaction with the T. gondii polyclonal antibodies, a panel of 
well-characterized T. gondii antibodies was used to evaluate the 
specificity of the initial immunohistochemical results. The 
antibodies known to stain the coccidian stages of T. gondii failed 
to stain the parasites in the sea lion intestine, although formalin 
fixation may have potentially affected tissue reactions. Although 
EN02 antibodies did stain the parasites in the sea lion intestine, 
staining of parasite nuclei was not strong, as would be expected 
with t. gondii. Enolase is a glycolytic enzyme and will be present 
in all coccidian parasites; therefore, this staining likely represents 
a cross reaction. The molecular data support the conclusion 
that novel coccidian parasites were found infecting these marine 
mammals and highlight the caution that should be taken when 
using immunohistochemistry alone to diagnose protozoal infec-
tions, especially when diagnostic immunohistochemical stains are 
based on polyclonal antibodies. 
In this study, DNA amplification and sequence analysis 
indicated that coccidian infections in the sea lion intestine are 
complex, with multiple genotypically distinct parasites present in 
the intestine of the 5 affected sea lions involving 3 previously 
unrecognized distinct organisms. Additionally, in cases 4 and 5, 
DNA from 2 different organisms was amplified from the intestine 
of the same individual. Coccidia are important and common 
enteric parasites in many mammalian species; however, intestinal 
coccidia have not been previously reported in California sea lions 
despite their overwhelming popularity as display animals in zoo 
and aquaria. In pinnipeds, enteric coccidian parasites have 
only been previously documented in harbor seals, with infection 
attributed to Eimeria phocae (Van Bolhuis et aI., 2007). With the 
exception of E. phocae, the possibility that pinnipeds serve as 
definitive or transport hosts for enteric or systemic coccidians is 
unknown. 
Histologically identified parasites in the different cases could 
represent closely related, but morphologically similar, coccidian 
species that co-infect the sea lion intestine. Although histology 
and electron microscopy verified the presence of both sexual and 
asexual stages within the affected sea lions, further identification 
of the coccidian organisms through histological and ultrastruc-
tural features was not possible. Sea lion intestinal coccidian forms 
were much smaller than those described for E. phocae infections, 
where microgamonts range from approximately 89 to 123 X 57 to 
135 J.I.lll and macrogamonts range from 17 to 24 X 17 to 22 J.I.lll 
(Van Bolhuis et aI., 2007). Unfortunately, neither mature oocysts 
or oocyst wall formation were noted histologically or ultrastruc-
turally, which precluded more exact species identification 
(Ferguson et aI., 1974, 1975; Ferguson, 2004; Ferguson and 
Dubremetz, 2007). The parasitophorous vacuole noted surround-
ing organisms was limited by a thin membrane, which is 
more consistent with the parasites belonging to Eimeria, since 
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FIGURE 5. Representative agarose gel of ITS-I PCR amplicons 
produced from California sea lion (CSL) tissues (400 bp) and control T 
gondii tachyzoite DNA (500 bp) and water. DNA sequencing analysis 
of the 400-bp amplicons identified that CSL 7787 heart, frontal lobe, 
mesenteric lymph node, and CSL 7740 occipital lobe and mesenteric 
lymph node contained DNA with 2 distinct sequence types, designated 
coccidia "A" (GenBank accession no. GU936629) and coccidia "B" 
(GenBank accession no. GU936630). 
Toxoplasma and Isospora spp. coccidian stages are typically 
enclosed by a thickened membrane. Due to the proven ability of 
T. gondii oocysts to survive in seawater (Lindsay and Dubey, 
2009) and prey species such as northern anchovies (Engraulis 
mordax) and Pacific sardines (Sardinops sagax) (Massie et aI., 
2010), we considered the possibility that the amplified DNA 
originated from histologically undetected coccidian stages located 
only within intestinal contents resulting in a false diagnosis of co-
infection. False positive results were considered unlikely, howev-
er, given that DNA from several organisms (coccidia "A" and 
"B" in cases 4 and 5) was amplified from multiple extra-intestinal 
tissues, indicating disseminated infection in those animals. 
Initial attempts at laser capture microdissection to extract DNA 
specifically from the intestinal epithelial cells containing sexual 
macro gamont or microgamont stages were unsuccessful. 
Systemic infection in cases 4 and 5 suggests that sea lions may 
act as both definitive and intermediate hosts for coccidians "A" 
and "B," similar to felids, which serve as both the definitive and 
intermediate hosts for T. gondii (Dubey et aI., 1970; Dubey, 1976). 
Although there was no histologic evidence of extra-intestinal 
infection in these sea lions, DNA can be amplified in many tissues 
from animals with early infections of tissue cyst-forming coccidia, 
such as N. caninum and T. gondii, prior to histologic evidence of 
infection (Esteban-Redondo and Innes, 1998; Kang et aI., 2009). 
Free-ranging sea lions that die from various causes occasionally 
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have evidence of mild meningoencephalitis that is morphologi-
cally consistent with protozoal infection (K. Colegrove, unpubl. 
obs.). The cause of this inflammation is often undetermined 
because no protozoal organisms can be found on routine 
histologic examination, and immunohistochemical stains for 
protozoal organisms are negative (K. Colegrove, unpubl. obs.). 
It is possible that the newly identified protozoa in this study are 
the cause of some of the mild systemic infections that have been 
previously noted in sea lions. Further research on the prevalence 
of tissue cyst-forming coccidian infections in free-ranging 
sea lions is needed, and this report highlights the utility of 
incorporating PCR using ITS-l primers to specifically identify 
previously uncharacterized protozoal organisms. 
The possibility that other marine organisms could serve as 
definitive hosts for T. gondii or organisms closely related to N. 
caninum has been previously postulated to explain the presence of 
protozoal organisms in the marine environment (Conrad et aI., 
2005). Amplification of coccidian "c" DNA from the harbor seal 
(case 6) further suggests that sea lions are definitive hosts for at 
least I coccidian species that may be pathogenic to other marine 
mammal species that share the same ecosystem. Lapointe et al. 
(2003) reported protozoal infection due to an unidentified orga-
nism in a harbor seal, which indicated that protozoans other than 
T. gondii and S. neurona may cause disease in free-ranging pin-
nipeds. Although several marine mammal species were reported 
to be serologically positive to N. caninum in previous studies 
(Dubey et aI., 2003; Fujii et aI., 2007), the amplification of N. 
caninum DNA from case 4 represents, to our knowledge, the first 
direct evidence of infection in a sea lion. 
Based on the time between the admittance of the affected sea 
lions to rehabilitation and their death, infections were acquired 
both in the wild and during rehabilitation. One sea lion (case 4) 
died during transport to the rehabilitation center prior to being 
exposed to other animals. Therefore, the N. caninum and newly 
identified coccidia "A" and "B" identified in this animal must 
have been obtained in the wild prior to stranding. The other 4 sea 
lions were in rehabilitation for 9-36 days, during which time 
they were exposed to other sea lions and were fed fresh frozen 
and thawed herring (Clupea pallasii) prior to death. None of the 
affected sea lions was housed at the rehabilitation center during 
the same time period. The transmission dynamics of these newly 
discovered coccidian parasites requires further investigation so 
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FIGURE 6. Clustal ITS-I sequence alignment viewed using JALView alignment software for the coccidia "A," "B," and "C" (GenBank accession 
no. GU936631) sequence types against T gondii (AF2552408), Neospora caninum (AF038861), and Hammondia hammondii (AF096499). The closest 
orthologous sequence was that of N. caninum, and ITS-I DNA sequences from the genus Sarcocystis sp. were too divergent to align. 
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that potential sources of infection for sea lions and other marine 
mammals can be ascertained. 
In conclusion, this study identified previously undescribed 
enteric protozoan species infecting 5 free-ranging California sea 
lions with evidence of asexual and sexual coccidian forms, 
suggesting that sea lions are the definitive host of some of these 
organisms. Polymerase chain reaction using primers targeting 
the ITS-l gene identified 3 previously uncharacterized sequences 
likely representing 3 new coccidian species that are most closely 
related to N. caninum. Further analysis of intestinal infections in 
California sea lions, including the application of laser capture 
microdissection methods to specifically isolate enterocytes con-
taining protozoa for PCR analysis, will be critically important 
to better understand the pathogenicity of coccidian species that 
affect marine mammals. Although no coccidian oocysts were 
identified in the affected sea lions, it is likely that sexual 
replication will produce oocysts that are shed from the intestine 
of these definitive hosts (Dubey et aI., 1970). Examination of 
sea lion feces for coccidian oocysts should allow for a better 
understanding of the prevalence of infection in sea lions. The 
identification of a pathogenic strain "C" causing fatal disease 
in a neonatal harbor seal with disseminated in utero infection 
highlights the urgency for better understanding of transmission 
dynamics of these coccidian pathogens infecting California sea 
lions in the marine environment. 
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DEVELOPMENTAL STAGES OF HEPATOZOON HEMPRICHII SP. NOV. INFECTING THE 
SKINK SCINCUS HEMPRICHII AND THE TICK HYALOMMA IMPELTATUM FROM 
SAUDI ARABIA 
Ali AI-Ghamdi, Kareem Morsy*§, Abdel-Rahman Bashtar*, Fathy Abdel-Ghaffar*, Khaled AI-Rasheidt, Saleh AI-Quraishyt, 
and Heinz Mehlhorn:j: 
Zoology Department, College of Science, AI Baha University, AI Baha, Saudi Arabia 65431. e-mail: kareemsaid156@yahoo.com 
ABSTRACT: The life cycle of Hepatozoon hemprichi n. sp. is described; the vertebrate host is Scincus hemprichii and it is vectored by 
Hyalomma impeltatum. Erythrocytic stages of 18 ± 1.8 X 4 ± 0.8 ilm developed in the hemocoel of ticks to sporozoites within 16-
18 days. Schizogony occurred in the liver parenchyma and the endothelial cells of blood capillaries in lung and spleen. Mature 
schizonts measuring 27 ± 3.11 X 20.13 ± 3.0 ilm produced 28 merozoites (on average). The merozoites were 13 ± 1.21 X 1.21 ± 
0.72 ilm with nuclei 5 ± 0.65 x 2.1 ± 0.51 ilm. Syzygy and differentiation of gamonts took place in tick's hemocoel up to the third 
day post-infection (PI). The microgamont (16 ± 0.31 X 18 ± 0.42 ilm) produced 4, uniflagellated micro gametes at 4-5 days PI. The 
microgamete measured 15.2 ± 0.31 ilm while the flagellum was always at least 26 ilm. The macro gamete was very large in size (31 ± 
3.11 ilm) with a central nucleus. After fertilization, (5-6 days PI) zygotes developed into oocysts (55 ± 3.41 X 52 ± 4.11 ilm) in 
which repeated mitotic divisions with centripetal invaginations occurred; each contained 18 banana-shaped sporozoites, 13.61 ± 
0.8 X 1.2 ± 0.31 ilm in size. Experimental transmission was successfully carried out by oral administration or by intra-peritoneal 
inoculation of the infective stages (sporozoites) to uninfected skinks and led to the appearance of blood stages after 5 wk and 4 wk, 
respectively. 
Reptiles are a very ancient group of vertebrates; accordingly, 
their parasites are generally widely distributed among different 
localities of the world. Haemogregarines, which are intracellular 
parasites of vertebrates, are cosmopolitan blood parasites and 
have been found in a large number of reptilian hosts (Ball, 1967; 
Beyer et aL, 1983; Bashtar et aL, 1984, 1987, 1991; Abdel-Ghaffar 
et aL, 1994; Bashtar et aL, 1994; AI-Sadoon and AI-Bahrawy, 
1998; Shazly, 2000a; Amo et aL, 2005; AI-Farraj, 2008; Cook 
et aL, 2009; Roca and Galdon, 2010), 
These intracellular parasites may produce considerable hypertro-
phy of the parasitized erythrocytes and cells of the internal organs 
(Bashtar et aL, 1987, 1991; Siddall, 1995; Shazly, 2000a; Viana and 
Marques, 2005; Mehlhorn, 2008; Roca and Galdon, 2010). Also, 
hemogregarines are known to have a complex life cycle that involves 
alternation of a vertebrate and a hematophagous invertebrate host, 
including ticks, mites, lice, fleas, flies, and mosquitoes, where 
gamogony and sporogony take place, Although saurian hemogreg-
arines have been extensively studied all over the world (Mackerras, 
1962; Allison and Desser, 1981; Bashtar et aL, 1987; Shazly, 2000a, 
2000b; Amo et aL, 2005; Roca and Galdon, 20 I 0), those infecting 
lizards of Saudi Arabia are not well known (Al-Sadoon et aL, 1999; 
AI-Farraj, 2008; AI-Hoot, 2008; AI-Hoot and Arafa, 2008). 
Moreover, no research has been done to identify the actual 
vectors and hosts of hemogregarines infecting reptiles from Saudi 
Arabia. Thus, the knowledge concerning gamogony and sporog-
ony of these parasites is scarce, much more than that regarding 
merogony. However, Landau (1973) claimed that transmission of 
Hepatozoon sp. may occur via predation. 
The present study describes the complete life cycle of a new 
hemogregarine species infecting the lizard Scincus hemprichii and 
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the camel tick Hyalomma impeltatum as the final host. Included 
are details of the parasite's life cycle. 
MATERIALS AND METHODS 
Animals 
Lizards: Adult male and female skinks Scincus hemprichii (Scincidae) (Al-
Sadoon and AI-Farraj, 2007) were collected from sand dunes along 
the semi-desert area of southwestern Saudi Arabia (AI-Qunfodah) and 
maintained in glass cages with sand in an animal room (27 ± 3 C). The 
animals were provided water and food (insect larvae once per week) regularly. 
Vectors: Depending on field observations, many hematophagous arth-
ropod ectoparasites such as mites (Haemolaelaps sp.), ticks (Hyalomma sp.), 
and mosquitoes were collected from nests and burrows where the lizards 
were caught. Mosquitoes (Culex pipiens) , mites (Haemolaelaps sp.), and hard 
ticks Hayalomma impeltatum (Arachnida, Acarina as identified by Prof. Dr. 
EI-Naggar, National Research Center) were used as possible vectors (they 
were collected from the burrows where lizards were canght). The lizards were 
reared successfully in the laboratory. Mosquito larvae were fed daily with 
TetraMin® (Tetra Europe Company, Blacksburg, Virginia) commercial fish 
food and the adults with 5-10% sugar solution, while acarinids (larvae and 
adults) were fed on uninfected lizard blood in vitro (one time using glass tube 
with cloth mesh between un-agglutinated blood and the feeders). 
Parasites: Lizards were examined for hemogregarines by making thin 
blood films from each by clipping off the tail tip. Blood films were fixed in 
absolute methanol (5 min) and stained with 3% Giemsa in phosphate 
buffer (pH 7.3). Five of the highly infected lizards (the extent of 
parasitemia varied between 5-8%) were selected and exposed to potential 
vectors to study gamogony and sporogony. Lizards were kept in insect 
cages 40 X 40 X 40 cm with silk fine mesh sides and exposed directly to the 
ectoparasites. Daily samples from vectors (mosquitoes, mites, and ticks) 
were prepared and freshly examined (phase-contrast). 
Fixation, embedding, and microscopy 
Pieces of the highly infected skinks of about 3 mm from the liver, lung, 
spleen, brain, kidney, gonads, heart, stomach, ileum, and skeletal muscles, 
and from whole ticks (Hyalomma impeitatum), were fIxed in 3% 
glutaraldehyde buffered in 0.1 M sodium cacodylate (pH 7.3) for at least 
4 hr at 4 C. After 3-4 washings in the cacodylate buffer for 10-15 min each, 
the specimens were then dehydrated in a series of alcohols, cleared in 
butanol, embedded in paraplast, and sectioned using a rotary microtome. 
Sections were stained with hematoxylin and eosin, examined, and 
photographed by a Zeiss research microscope (EPL Electronics Ltd., Eagle 
City, Australia). Measurements (in ilm) were made using a measuring ocular 
micrometer calibrated against a stage micrometer. Results were recorded as 
mean values ± SD with number of measurements in parentheses (n = 50). 
AL-GHAMOI ET AL.-A NEW SPECIES OF HEPATOZOON 879 
1 
3 
FIGURES I-S. Photomicrographs of the developmental stages of Hepatozoon hemprichii sp. nov. in the skink Scincus hemprichii. (1) Giemsa-stained 
blood smear of the skink showing intraerythrocytic parasites (P) containing nucleus (N) and levels of parasitemia. NH host cell nucleus. X2,SOO. 
(2) Microschizont in liver parenchyma containing many nuclei (N), residual body (RB) within large parasitophorous vacuole (PY). X2,IS0. (3) Macro-
and microschizonts with many nuclei (N) in lung. X2,300. (4) Macroschizont with large number of nuclei (N) and large parasitophorous vacuole (PY). 
X2,IS0. (5) Macromerozoites (ME) and residual body (RB) of a meront within parasitophorous vacuole (PY) in liver parenchyma cells. X2,SOO. 
Experimental transmission 
Homogenates of IS-20 experimentally exposed ticks in 0.6S% saline at 
4-S wk PI were given orally and intraperitoneally to uninfected lizards. 
These experimental infections were followed to 6 wk PI by examination of 
blood smears obtained via tail clipping. 
DESCRIPTION 
Hepatozoon hemprichi sp. nov. 
(Figs. 1-15) 
Diagnosis: Examination of blood smears revealed parasites (Fig. I) 
exclusively within erythrocytes. Single, double, or even triple infections 
were common, especially with high parasitemia. Extent of parasitemia 
(number of parasitesII ,000 erythrocytes) varied between S--8%. Blood stages 
sausage-shaped, measuring 16--19 in length and 3-6 wide, with an average of 
IS ± I.S X 4 ± O.S. Nucleus S ± 1.0S x 4 ± OSI. Parasite cytoplasm usually 
stained faint pink to slightly red and contained some osmiophilic granules 
(Fig. I). Parasitized erythrocytes elongated and hypertrophied, showing 
significant differences between them and normal, uninfected cells; these 
measured 21 ± 2.S x 13 ± I.S, whereas normal, uninfected erythrocytes were 
17 ± I.S x 9.2 ± 0.91. Host cell nucleus displaced laterally to opposite side of 
cell or pushed to pole of infected host cell (Fig. I). 
Life cycle 
Merogonic stages confined to lung, liver, and spleen of infected lizards. 
No merogonic stages in brain, heart, kidney, intestine, or skeletal muscles 
of infected lizards. Merogony begins when parasite invades host cell, 
880 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.5, OCTOBER 2011 
F 
• 
8~ ____________________ __ 
10 11 
growing distinctly in size with accumulation of large amounts of food 
materials, with distinct growth of parasitophorous vacuole and multipli-
cation of meront nucleus (Figs. 2-5, l5c). Meronts in different develop-
mental phases observed in all sections of infected organs (Figs. 2-5). As 
development of meronts proceeded, mature meronts of 27 ± 3.11 X 20.13 
± 3.01 containing 15-39 nuclei were observed (Figs. 4-6). Finally, 15-39 
merozoites (average 28) were counted (Fig. 5). Differentiated free 
merozoites measured 13 ± 1.21 X 3 ± 0.72, with nucleus of 5 ± 0.65 X 
2.1 ± 0.51. These merozoites could enter another host cell and develop to 
new meronts or into gamonts in erythrocytes. 
Adult Haemolaelaps sp. mites and adult female mosquitoes (c. pipiens) 
failed to show any gamogonic or sporogonic stages when microscopically 
examined every other day for 4 wk after feeding on highly infected lizards. 
In contrast, hard ticks (Hyalomma impellalum) showed positive results 
after feeding on highly infected lizards (Scincus hemprichii). 
During the first day after ticks had fed on infected blood, merozoites 
(gametocytes) were freed from their erythrocytes and appeared in 
myxocoel (Fig. 6). On the second and third days PI, parasites seen to 
associate in pairs (syzygy) in myxocoel and began differentiation 
into micro- and macrogamonts (Figs. 7, l5g). By this time, parasites 
• 
r FIGURES 6-11. Photomicrographs of the 
developmental stages of Hepatozoon hemprichii 
sp. nov. in the hard tick Hyalomma impellalum. 
(6) Free merozoites (gametocytes) in the myx-
ocoel of the tick on the second day PI. X2,500. 
(7) Syzygy and differentiation of microgamont 
(MIG) and the macrogamont (MA) in the tick 
myxocoel on the third day PI. X2,100. (8) 
Showing division of microgamont (MIG) nu-
cleus and microgamete formation. X2,500. (9) 
Fully formed microgamete (MG) showing its 
nucleus (N) and the long flagellum (F) and a 
well-developed macrogamete (MA). X2,100. 
(10) A fertilized macrogamete or zygote (ZY) 
on the seventh day PI within parasitophorous 
vacuole (PV). X2,000. (11) An oocyst (OC) with 
many nuclei (N) at the 10th day PI. xl ,700. 
considerably increased in size. Microgamonts measured 16 ± 0.31 X 18 ± 
0.42 with a spheroid nucleus of 8. Nucleus divided mitotically, producing 
3 or 4 nuclei (Figs. 8, lSi); finally, 4 uniflagellated microgametes were 
produced (Fig. l5j). 
Nucleated microgamete with an elongated body measuring 15.2 ± 
0.31. Microgamete bearing long flagellum of at least 26 (Figs. 9, l5j). 
Macrogamont becomes more or less spherical and increases distinctly in 
size, measuring 31 ± 3.11, and containing central large nucleus (Figs. 7, 
9). On fifth and sixth day, 1 of microgametes fertilized macrogamete, 
giving rise to zygote (Figs. 10, 15k). 
Beginning at days 6-9 PI, the zygote developed into an oocyst. At this 
stage, the oocyst measured 55 ± 3.41 X 52 ± 4.11 and contained a large 
nucleus that began division, leading to the formation of numerous nuclei 
(Figs. 11, 151, m). At days 10-12 PI, many centripetal invaginations began 
to develop on the outer boundary of the oocyst and became deeper, with 
time, as finger in-foldings; each incorporated a nucl~us, giving rise to 20-
61 (average 46) sporoblasts (Fig. 12). These sporoblasts separated from 
the oocyst, leaving a residual body; the sporoblast nucleus underwent 
several divisions and the newly formed daughter nuclei distributed 
indiscriminately in the sporoblast. After full sporulation, these are termed 
FIGURES 12-14. (12) Developing sporoblasts (DSP) originate by 
centripetal invaginations at 12 days PI; some fully formed sporoblasts 
(SP) are present. X I,SOO. (13) Sporulated sporocyst (SPC) showing 
sporozoite (SPR) and the residual body (RB) 14-IS days PI. X 1,7S0. (14) 
Free sporozoites (SPR) in fresh preparation on the 16th day PI. X2,SOO. 
FIGURE IS. Diagramatic representation of the life cycle of HepalOzoon 
hemprichii. (a) Free sporozoites invading the vertebrate host. (b) Tropho-
zoite in liver parenchyma cell. (c) Meront (SCH) in parasitophorous vacuole 
(PY) with many nuclei (macroschizont). (d, e) Merozoites (ME) invading 
RBCs and growing into (1) gametocytes. (g) Gamonts in a parasitophorous 
vacuole within host cell of the tick hemocoel on the first day PI. (h) On the 
third day PI, the gamonts differentiate into micro- (MIG) and macro-
gamonts (MA). (i, j) The nucleus of microgamont divides to give 3-4 nuclei 
and uniflagellated micro gametes (MG) are developed on the fourth day PI. 
(k) On the fifth day, fertilization occurs and a zygote (ZY) is formed. (I) The 
zygote develops into an oocyst (OC) during the following days. (m) Oocyst 
(OC) begins sporulation process on days 10-12 PI, when the oocyst nucleus 
begins to divide many times and the nuclei arrange themselves at the 
periphery of the oocyst. (n) Each nucleus is surrounded by parts of the 
oocyst cytoplasm and, thus, 20-{) I sporoblasts are formed. (0) On day 16 PI, 
S-2S sporozoites (SPR) are developed within each sporoblast, which is now 
termed sporocyst (SPC). 
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sporocysts (Figs. 13, ISo). Mature sporocysts measured 19.5 ± 1.4S X 
13.SS ± 0.S6 and usually contained S-25 (average IS) sporozoites 
(Figs. 13, 14, ISo). On days 16-lS PI, most sporocysts displayed fully 
formed sporozoites. Each sporozoite is banana-shaped and measured 
13.61 ± 0.8 X 1.2 ± 0.31 (Figs. 14, ISa). 
Experimental infection 
Experimental transmission of the infective stage (sporozoites) from ticks 
to uninfected lizards was successfully accomplished by inoculation of a 
homogenate of whole infected ticks at 5 wk PI in 0.6S% saline orally or 
intraperitoneally. With oral infection, parasites appeared in the peripheral 
blood of lizards after S wk, whereas they appeared after only 4 wk in case 
of the intraperitoneal injection of the sporozoites (this was indicated 
through examination of blood smears every other day beginning at the 
third wk PI). 
Taxonomic summary 
Type host: The lizard Scincus hemprichii was the intermediate host while 
the tick Hyalomma impeltalum was the final host. 
Type locality: Sand dunes of AL-Qunfodah, Saudi Arabia. 
Prevalence: Eleven of 65 (17%) of the lizard Scincus hemprichii were 
infected with the new species. 
Site of infection: Erythrocytic stages developed in the hemocoel of ticks. 
Schizogony in the lizards occurred in the liver parenchyma and the 
endothelial cells of blood capillaries in the lung and spleen. Erythrocytic 
stages: IS ± I.S X 4 ± O.S. Mature schizont 27 ± 3.11 X 20.13 ± 3.01, 
producing 28 merozoites (on average) measuring 13 ± 1.21 X 3 ± 0.72. 
Syzygy and gamogony occurred in the tick myxocoel. 
Materials deposited: Slides were kept in 'the Parasitology Laboratory, 
Zoology Department, Center of Excellence, College of Science, King Saud 
University, Riyadh, Saudi Arabia. 
Etymology: The specific name originates from the specific name of the 
lizard. 
Remarks 
The first species of Hepatozoon from the skink Scincus hemprichii is 
described. Gametocytes of H. hemprichii n. sp. are larger than those of 
previously described species in reptiles (Table I). Hepatozoon gracilis 
(Wenyon, 1909) is the most similar species. Its gametocytes are similar in 
length, but much wider. Its oocyst size is much smaller, producing fewer 
numbers of sporozoites. All previous descriptions of HepalOzoon species 
lack information regarding the life cycle and stages in definitive hosts, 
and host specificity itself has only limited use in the Hepalozoon spp. 
taxonomy. Even in our limited group of experimental animals, the 
gametocyte and oocyst morphologies varied considerably, and they can be 
only be barely used as a key diagnostic feature. Significant difference in 
both their length and width, compared with those in naturally infected 
species, was observed in experimentally infected animals of the same 
species. 
DISCUSSION 
A greater emphasis of hemogregarine diagnosis and classifica-
tion is urged regarding the determination of their natural vectors 
and characterization of their sporogonic cycles. The failure to find 
vectors of many hemogregarines has resulted in the very imprecise 
generic classification of the erythrocytic forms and has led to a 
highly speculative diagnosis and nomenclature (Bash tar et a!., 
1984, 1987, 1991; Shazly, 2000a, 2000b; Mehlhorn, 2008; Cook 
et aI., 2009; Roca and Galdon, 2010). 
The species described in the present report is the first adeleid 
protozoan parasite to be recorded in the lizard Scincus hemprichii, 
which is widely distributed in Saudi Arabia (AI-Sadoon and 
AI-Farraj, 2007). Successful experimental transmission of the 
infectious stage from the hematophagous arthropod (hard tick) 
vector H. impeltatum to uninfected lizards was achieved through 
both intraperitoneal and oral inoculation. Since there are no 
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reports on the complete life cycle of hemogregarines from the 
same lizard species or from Saudi Arabia, and due to differences 
in measurements with the known species, the authors report it as a 
new species. 
Hepatozoon hemogregarines exhibit a robust capacity for 
infecting members of the different orders of reptiles. They are 
recorded from lizards (Mackerras, 1962; Allison and Desser, 1981; 
Bashtar et ai., 1987; EI-Wasila, 1989; Bashtar, 1990; Shazly, 2000a, 
2000b; Amo et ai., 2004, 2005; Mehlhorn, 2008; Roca and Galdon, 
2010) and snakes (Ball et ai., 1967, 1969; Bashtar et al., 1984, 1991; 
AI-Farraj, 2008). Furthermore, H. hemprichii n. sp. exclusively 
infects erythrocytes of lizards; none of the leucocytes was invaded by 
parasites. Infected erythrocytes were hypertrophied and showed 
considerable distortion, a phenomenon described previously in many 
cases (Bashtar et al., 1984, 1987, 1991; Shazly, 2000a; Al-Farraj, 
2008; Cook et ai., 2009; Roca and Galdon, 2010). 
The merogonic stage of H. hemprichii was found to develop in 
the parenchymal cells of liver and spleen as well as in the 
pulmonary endothelial cells of infected lizards. Similar observa-
tions were previously reported for other hemogregarines (Bashtar, 
1990; Bashtar et ai., 1991; Abdel-Ghaffar et ai., 1994; Shzaly, 
2000a; Al-Farraj, 2008). 
Following exit of the parasites from erythrocytes and invasion of 
new host cells in liver, spleen, and lungs, they changed considerably 
in size and shape into trophozoites which subsequently become 
schizonts. The nucleus of the schizont eventually underwent several 
divisions resulting in a multinucleated schizont, which, at maturity, 
produced merozoites .. Similar events have been described in many 
hemogregarines (Bashtar et ai., 1984, 1987, 1991; Abdel-Ghaffar 
et ai., 1994; Shazly, 2oo0a; AI-Farraj, 2008; AI-Hoot, 2009). 
A large number of hematophagous invertebrate vectors are 
known to transmit Hepatozoon parasites to their vertebrate hosts 
(Gobel and Krampitz, 1982), i.e., mites (Allison and Desser, 1981), 
ticks (Michel, 1973; Bennett et ai., 1992; Mathew et ai., 1998; 
Shazly, 2000b), and mosquitoes (Ball et ai., 1967, 1969; Bashtar et 
ai., 1984, 1987, 1991; Smith and Desser, 1998). Siddall and Desser 
(1993) reported that leeches also vector hemogregarines. 
Members of the suborder Adeleida are characterized by the 
production of only 'a few microgametes (4 or less). The formation 
of 4 uniflagellated micro gametes from single micro gamont in H. 
hemprichii was in accordance with previous observations (Bashtar 
et ai., 1984, 1987, 1991; Shazly, 1994, 2000b; Desser et ai., 1995). 
However, this finding contradicts some other results (Gobel and 
Krampitz, 1982) that suggested that the entire nucleus of the 
microgamont is incorporated into 1 microgamete without division 
and multiple gamete production. 
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MORPHOLOGICAL AND MOLECULAR DIFFERENTIATION OF CLINOSTOMUM 
COMPLANATUM AND CLiNOSTOMUM MARGINATUM (DIGENEA: CLiNOSTOMIDAE) 
METACERCARIAE AND ADULTS 
Monica Caffara, Sean A. Locke*, Andrea Gustinelli, David J. Marcogliese*, and Maria L. Fioravanti 
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ABSTRACT: The separation of Clinostomum eomplanatum Rudolphi, 1814 and Clinostomum marginatum Rudolphi, 1819 has long been 
unclear. Recent data confirm the validity of the junior species, C marginatum, by ~ I % differences in its 18S rDNA sequences. We 
collected adults and metacercariae of C eomplanatum and C marginatum and found reliable morphological differences in the genital 
complex at both developmental stages. In addition, we identified basic morphometrics (distance between suckers, body width) in 
metacercariae that may be useful for discriminating the species, The morphological differences were supported by the comparison of 
sequences of internal transcribed spacers of ribosomal DNA and of the mitochondrial gene cytochrome e oxidase I (COl) from 39 
specimens, In 36 specimens, the average divergence between the species was 7,3% in ITS and 19.4% in COl sequences, Two specimens 
from North America and I from Europe had sequences that did not allow them to be clearly allied with either species, 
Species of Clinostomum Leidy, 1856 (Digenea: Clinostomidae) 
have been subjected to several taxonomic revisions because of the 
high degree of morphological variability within species and 
similarities between different species (Ukoli, 1966; Yamaguti, 1971; 
Feizullaev and Mirzoeva, 1983), In particular, the validity and 
priority of 2 widely reported species of Clinostomum, i.e., Clinosto-
mum complanatum Rudolphi, 1814 and Clinostomum marginatum 
Rudolphi, 1819, have been disputed for nearly 200 yr. In redescribing 
the specimens studied by Rudolphi, Braun (1901) accepted the 
validity of C marginatum (the "American type") and C complanatum 
(the "European type"), but concluded that the species were primarily 
distinguished by their geographical distribution. Subsequently, other 
authors included morphological evidence in the separation of C 
marginatum from C complanatum (e,g., Osborne, 1911, 1912; Cort, 
1913; Smallwood, 1914; Hopkins, 1933; Maccagno, 1934; Amin, 
1969; Travassos et a!., 1969; Lunaschi and Drago, 2009). However, 
other authors found no consistent morphological differences between 
the 2 species and considered C marginatum a junior synonym of C 
complanatum (e,g., Baer, 1933; Yamaguti, 1933; Manter, 1938; Price, 
1938; Dollfus, 1950; Ukoli, 1966; Yamaguti, 1971; Dowsett and 
Lubinsky, 1980; Feizullaev and Mirzoeva, 1986; Larson et aI., 1988; 
McAllister, 1990), Despite this lack of consensus, in recent decades, 
C marginatum has been widely employed for Nearctic specimens, 
whereas C com plana tum was used for specimens originating from 
the Palearctic, 
New evidence for the validity of C marginatum was recently 
presented by Dzikowski et al. (2004), who published sequences of 
18S rRNA from isolates of C complanatum from Israel and C 
marginatum from the United States that differ at 22 of 1,892 
positions (based on GenBank accessions A Y245760 and 
AY245701), However, the evolutionary conservation of 18S 
(Hillis and Dixon, 1991) could reduce the utility of these markers 
for discriminating congeneric species, especially without morpho-
logical support. For example, Clinostomum cutaneum Paperna, 
1964 and Clinostomum phalacrocoracis Dubois, 1930 show 
marked morphological differences, but differ at only 3 positions 
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over 1,913 base pairs (bp) of 18S rRNA (Gustinelli et a!., 2010). 
Indeed, the results of Dzikowski et al. (2004) were questioned by 
McAllister et al. (2010), and both names, C complanatum and C 
marginatum, continue to be used for specimens collected in North 
America (McAllister et a!., 2007, 2010; Forest and Cone, 2011). 
Additional molecular data are, therefore, desirable to resolve the 
status of C marginatum and should be linked to morphological 
information (Perkins et a!., 2011), The internal transcribed spacer 
(ITSI and ITS2) regions are more suitable for taxonomic studies 
at the species level and have been used to discriminate species in at 
least 19 digenean families (Nolan and Cribb, 2005), Notably, C 
cutaneum and C phalacrocoracis are better resolved by ITS rRNA 
(16 differences over 1,030 bp of ITS rRNA) than by 18S rRNA 
(see above). Some authors have also used a -300-bp fragment of 
the mitochondrial gene cytochrome c oxidase I (COl) beginning at 
about 800 bp from the 5' end, using primers developed by Bowles 
et a!. (1995), 
Recently, Locke, McLaughlin, Dayanandan, et al. (2010) and 
Locke, McLaughlin, and Marcogliese (2010) discriminated species 
of digeneans with the use of the initial 650 bp of COl, a region 
that is currently the focus of the DNA barcoding initiative (www. 
barcodinglife,org), a'large-scale effort to standardize molecular 
identification of species, Here, we use sequences of ITS and the 
barcode region of COl, as well as morphology, to test whether C 
complanatum and C marginatum are valid species, and attempt to 
identify practical molecular and morphological characters for 
distinguishing between them. 
MATERIALS AND METHODS 
Morphological study of specimens 
Specimens putatively identified as C marginatum on the basis of 
molecular data and geographical distribution were taken from both 
definitive and second intermediate hosts collected across North America, 
Adults were collected from 3 great blue herons (Ardea herodias L.) from 2 
localities in Quebec, Canada (46,124N, 73,028W; 45.422N, 73,583W) and 
from cattle egrets (Bubulcus ibis L.) from Florida and Texas, Metacercar-
iae were obtained from largemouth bass (Micropterus salmoides Lace-
pede), smallmouth bass (M. dolomieu Lacepede), pumpkinseed (Lepomis 
gibbosus L.), yellow perch (Perea jlaveseens Mitchill), golden shiner 
(Notemigonus erysoleueas Mitchill), johnny darter (Etheostoma nigrum 
Rafinesque), and round goby (Neogobius melanostomus Pallas) from the 
St. Lawrence River and its tributaries in Quebec and Ontario (45.l28N, 
74.404W; 45,316N, 73.879W; 45.433N, 73,734W) and from a boreal toad 
(Anaxyrus boreas Baird & Girard) in Pleasanton Ridge Regional Park, 
California (37.620N, 121.891W). Voucher specimens have been deposited 
in the U.S. National Parasite Collection, Beltsville, Maryland (USNPC 
Nos. 104561.00-104568.00), including 9 sub sectioned specimens from 
which DNA sequences were obtained (see below). Specimens putatively 
identified as C. complanatum were obtained from both definitive and 
second intermediate hosts in Italy. Adults were archival stained specimens 
collected from the esophagus of little egret (Egretta garzetta L.) and 
herons (Ardea cinerea L., Ardea purpurea L.) collected in Italy. Meta-
cercariae were taken from barbel (Barbus barbus L., B. meridionalis Risso) 
and chub (Squalius cephalus L.) from the Sillaro (44.393N, 11.59IE) and 
Santerno Rivers (44.296N, 11.943E) in Emilia-Romagna and chub from 
the Soligo River (45.900N, 12.174E) in Veneto, Italy. Voucher specimens 
have been deposited in the U.S. National Parasite Collection, Beltsville, 
Maryland (USNPC Nos. 104551.00-104560.00). All specimens were fixed 
in 70% ethanol. Specimens used for morphological work were cleared in 
Amman's lactophenol, or stained with Mayer's acid carmine or using 
Malzacher's method (Pritchard and Kruse, 1982), prior to being mounted 
on slides in Canada balsam. In some cases, tissue subsamples were 
removed for molecular analysis, and the remainder of the specimen served 
as a morphological voucher for sequence data. Some specimens in poor 
condition were not studied morphologically and were used solely for 
molecular work. Line drawings were made with the aid of a drawing tube. 
Measurements are given in micrometers unless otherwise stated and were 
taken following Matthews and Cribb (1998). 
We attempted to identify morphological characteristics that reliably 
distinguish C. marginatum from C. complanatum as metacercariae because 
these stages are more frequently encountered and existing diagnostic 
characters are based on adults (Maccagno, 1934). Principal-components 
analysis (PCA) and discriminant function analysis (DFA) were conducted 
on measurements that were log-transformed so that data would be on 
a similar scale, with the use of PRIMER v.6 and PERMANOV A+ 
(PRIMER-E, Plymouth, United Kingdom) and SPSS 12.0 (SPSS Inc., 
Chicago, Illinois), respectively. Morphometric ratios were not included in 
analyses because they are not statistically independent from measurements. 
Molecular analysis 
Total DNA was extracted from specimens of C. complanatum and 
some specimens of C. marginatum using a QIAamp DNA Mini Kit 
(Qiagen, Valencia, California) following the manufacturer's protocol, 
and the internal transcribed spacers (ITS) rRNA gene was amplified as 
reported by Gustinelli et al. (2010). Extraction and PCR of COl and ITS 
from most specimens of C. marginatum took place at Canadian Centre 
for DNA Barcoding (Guelph, Canada) (see Moszczynska et aI., 2009). 
For all specimens, the amplification of the COl fragment was conducted 
with the use of the protocol and degenerate primers of Moszczynska et al. 
(2009). The PCR products were sequenced at I, or more, of 3 laboratories 
that all employ the same technology (ABI 3730 DNA Analyzer): CCDB, 
PRIMM (Milan, Italy), and StarSEQ GmbH (Mainz, Germany). The 
COl PCR product of specimen 26 (see Results) was sequenced once at 
PRIMM and a second time at StarSEQ. The COl PCR product of 
specimen 26 was also cloned into a pCR2.! TOPO cloning vector with 
the use of the TOPO TA Cloning Kit (Invitrogen, Carlsbad, California). 
Plasmid DNA was isolated from each clone using Quantum Prep-
Plasmid Miniprep Kit (Biorad, Hercules, California) following the 
manufacturer's instructions. Insertions of expected size were confirmed 
by restriction digestion with EcoRI enzyme. Ten clones were sequenced 
in I direction with an M13 universal primer at PRIMM. DNA trace file 
assembly was carried out with the use of Vector NTI Advance™ II 
software (Invitrogen) and sequences were aligned and analyzed in 
MEGA 5.0 (Tamura et aI., 2011). Sequences have been deposited on 
GenBank (JF718584-JF718619 for COl; JF718620-JF718643 and 
JN108032 for ITS). Specimen records (including sequencing institution, 
primers, chromatograms, sequences, collection data, host data, specimen 
images, and voucher accession information) are available in project 
CLINO at www.barcodinglife.org. 
REDESCRIPTION 
Clinostomum marginatum 
Adult (Fig. 1) (based on 10 specimens) (min-max {mean ± SD] jDn}: 
Body oval, elongated, with truncated forebody, wider in gonadal region, 
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5.9-8.2 (7.0 ± 0.791) mm long, 1.3-2.8 (2 ± 0.387) mm wide. Oral sucker 
small, 171-394 (311 ± 58) long X 252-50 I (399 ± 67) wide, surrounded by 
a well-developed oral collar. Pharynx not observed; esophagus very short, 
bifurcates immediately posterior to level of oral sucker, esophageal bulb 
present. Ventral sucker larger than oral, 601-918 (764 ± 106) long X 583-
966 (756 ± 120) wide. Intestinal ceca run to posterior end of body, with 
slightly indented margins both in pre- and postacetabular regions. 
Excretory ducts in complex web draining into excretory system, not 
clearly visible. Testes between middle and posterior third of body; anterior 
testis, 290-743 (519 ± 149) long X 569-1,141 (802 ± 190) wide, triangular, 
slightly lobed, compressed laterally by cirrus sac and dorsoventrally by 
uterus, when filled with eggs; posterior testis, 166-587 (461 ± 115) long X 
379-1,414 (790 ± 259) wide, triangular and median, stretching across 
intracecal space. In some specimens efferent ducts were visible, originating 
from middle part of posterior margin of anterior testis and from middle 
part of anterior margin of posterior testis, both ducts reaching posterior 
end of cirrus sac. Cirrus sac, 151-795 (327 ± 183) long X 166-741 (497 ± 
212) wide, anterior to ovary, surrounding laterodorsally right margin of 
anterior testis and displacing its anterior lobe to left. Genital pore anterior 
to anterior testis, not clearly visible in most specimens. Ovary small, 118-
306 (175 ± 61) long X 101-267 (186 ± 53) wide, ovoid or rounded in 
shape, in some specimens slightly lobed, located in intertesticular space on 
right side of body. Vitellaria extensive, extending from posterior margin of 
ventral sucker to almost reaching end of ceca. Uteroduct runs around left 
margin of anterior testis and opens into uterine sac, which occupies almost 
all space between ventral sucker and anterior testis when filled with eggs. 
Metraterm muscular, connecting uterus to genital atrium. Mature eggs, 
101-109 (105 ± 3) long X 63-79 (69 ± 5.8) wide, in uterine sac, some in 
uteroduct and in ootype complex space. 
Metacercaria (Fig.2) (based on 11 specimens, measurements in 
Table 1): Similar to adult, but slightly smaller. Oral collar well developed. 
Ventral sucker larger than oral. Forebody with glandular structure, 
anterior to ventral sucker. Intestinal ceca lateral to ventral sucker and 
genital primordia, characterized by visible intestinal pouches especially in 
postacetabular part. Testes less conspicuous and with greater digitation 
than in adults. Cirrus sac well developed, crescent shaped, compressed 
against left anterior margin of anterior testis. Genital pore opening lateral 
to right anterior margin of anterior testis. Ovary irregular in shape, 
smaller than cirrus sac, located dextrally in intertesticular space. Vitellaria 
tiot evident. Tubular proximal uterus follows similar pathway to that in 
adult; muscular metraterm visible. Excretory ducts connecting at posterior 
extremity just posterior to cecal ends. Cuticular surface covered by thin 
spines. 
Clinostomum compianatum 
Adult (Fig. 3)( based on 5 specimens} (min-max {mean ± SD] jDn}: 
Body stout, oval, elon,gated, with slightly truncated anterior extremity 
and flattened posterior end, wider in gonadal region, 3.4-6.3 (4.9 ± 0.9) 
mm long, 1.5-2.7 (1.9 ± 0.3) mm wide. Oral sucker small 190-570 (422 ± 
121) long X 320-850 (557 ± 161) wide, with presence of oral collar. 
Pharynx not observed. Esophageal bulb well developed. Ventral sucker 
larger than oral, 600-900 (760 ± 78) long X 620-900 (737 ± 72) wide. 
Intestinal ceca run laterally to posterior end of body with indented 
margins more evident in postacetabular regions. Testes grossly triangu-
lar, facing each other with concave face, slightly lobed. Anterior testis, 
550-750 (694 ± 67) long, 360-600 (456 ± 82) wide, in posterior end of 
middle third of body, strongly offset to left of median line. Posterior 
testis, 600-940 (791 ± 99) long, 300-510 (410 ± 81) wide, in posterior 
third of body, with axis on median line. Cirrus sac, 350-400 (382 ± 19) 
long, 100-200 (162 ± 45) wide, extending from intertesticular space to 
posterior right margin of anterior testis, opening directly into genital 
atrium. Ovary oval, 220-310 (256 ± 32) long, 140-300 (213 ± 62) wide, 
located dextrally in intertesticular space. Uterine sac tubular with 
metraterm extending along right margin of anterior testis, which is offset 
to left. Vitellaria extending from posterior margin of ventral sucker 
almost reaching posterior end of ceca. Eggs yellowish, elliptical 100-125 
(114 ± 5.8) long, 65-90 (74 ± 4.7) wide. 
Metacercaria (Fig. 4) (based on 10 specimens measurements in Table I): 
Similar to adult, slightly longer and less stout, with inward flexure at level 
of acetabulum. Oral collar visible. Ventral sucker larger than oral. 
Glandular structure present in forebody, anterior to ventral sucker. 
Intestinal ceca lateral to ventral sucker and genital complex, with 
prominent lateral pouches. Testes smaller than in adult, with more 
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FIGURES 1-4. Clinostomum marginatum. (1) Adult. (2) Metacercaria, Clinostomum complanatum. (3) Adult. (4) Metacercaria. Scale bars = 500 !J.IIl. 
evident digitations. Cirrus sac well developed, extending from intertestic-
ular space to posterior right margin of anterior testis, opening into genital 
pore and connected to thick-walled metraterm. Anterior testis strongly left 
dislocated by cirrus sac and metraterm. Ovary irregular in shape, smaller 
than cirrus sac, located dextrally in intertesticular space. Vitellaria not 
evident. Tubular proximal uterus follows similar pathway to that in adult. 
Excretory ducts connecting at posterior extremity in V -shaped vesicle 
strictly juxtaposed to the ceca ends. 
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TABLE 1. Metacercariae of Clinostomum marginatum and Clinostomum complanatum: measurements and statistical comparisons. Values in bold indicate 
significant differences between the species. 
Oral collar width 
Body length 
Body width 
Body length/width 
Oral sucker (OS) length 
OS width 
OS widthlbody width 
Ventral sucker (VS) length 
VS width 
VS width/OS width 
VS widthlbody width 
Distance between suckers 
Anterior testis (AT) length 
AT width 
AT width/length 
Posterior testis (PT) length 
PT width 
PT width/length 
Distance between testes 
Ovary length 
Ovary width 
Ovary width/length 
Cirrus sac (CS) length 
CS width 
CS lengthlbody length 
Remarks 
Clinostomum marginatum (n = 10) 
min-max (mean ± SD) !Lm 
502-874 (721 ± 100) 
4,215-6,346 (5,402 ± 672) 
979-1,532 (1,329 ± 173) 
3.050-4.403 (4.03 ± 0.422) 
238-599 (312 ± 104) 
194-586 (290 ± 106) 
0.816-1.053 (0.925 ± 0.071) 
510-757 (669 ± 64) 
571-804 (708 ± 60) 
0.987-1.118 (1.060 ± 0.043) 
0.468--0.616 (0.529 ± 0.045) 
959-1,491 (1,243 ± 142) 
231-413 (307 ± 53) 
264-498 (389 ± 77) 
0.681-1.720 (1.295 ± 0.294) 
233-457 (327 ± 57) 
295-492 (405 ± 56) 
0.891-1.521 (1.254 ± 0.171) 
196-393 (320 ± 56) 
85-142 (115 ± 16) 
62-97 (80 ± 13) 
0.434--0.968 (0.710 ± 0.168) 
172-343 (256 ± 48) 
119-153 (137 ± 14) 
0.027--0.061 (0.048 ± 0.010) 
Morphological differentiation of C. complanatum and C. marginatum: In 
cleared or stained specimens of C. marginatum, only the anterior lobe of 
the anterior testis is compressed to the left by the cirrus sac, whereas in C. 
complanatum, the entire anterior testis is displaced to the left by both the 
cirrus sac and the uterine sac. The genital pore in C. marginatum opens 
anteriorly to the anterior testis, close to the midline, whereas in C. 
complanatum it opens at the right external margin of the anterior testis. 
The genital pore was in the same position both in adults and metacercariae 
of C. marginatum and C. complanatum. Among 21 metacercariae analyzed, 
II of 17 morphometrics differed significantly in C. marginatum and C. 
complanatum (Table I). However, because many of these were highly 
correlated (data not shown), a stepwise discriminant function analysis was 
performed to identify which were the best predictors of membership in 
C. marginatum and C. complanatum. A single discriminant function was 
calculated in 2 steps, with morphometrics allowed to enter the model if the 
probability of F resulting from the reduction in Wilks's lambda, was 
lambda P < 0.05. Body width entered the model in the first step (F1,19 = 
43.072, Wilks's lambda = 0.306, P < 0.0005) and distance between 
suckers entered in the second step (F2,18 = 87.763, Wilks's lambda = 
0.093, P < 0.0005), yielding a function explaining 100% of the variability 
between the species (X2 = 42.751, P < 0.0005). The measurement closest to 
subsequent entry was ovary width (P = 0.065). In cross-validating 
analyses, each specimen was then classified using a function of body width 
and distance between suckers calculated from the remaining 20 specimens, 
and all 21 specimens were assigned to the correct species. Essentially, this 
suggests that C. marginatum metacercariae are narrower and have more 
widely spaced oral and ventral suckers than C. complanatum, and that 
these characters can reliably distinguish between the 2 species. Other 
differences, although significant, are correlated among themselves and 
with these 2 characters, such that they do not yield additional information. 
A 2-dimensional principal components analysis provided a reasonably 
good representation of the multivariate relationships of the 21 metacer-
cariae of C. marginatum and C. complanatum in the 17-dimensional space 
originating from morphometric data (Fig. 5). The first axis explained 
43.3% of the total variance, and the second explained 14.2%. Notably, 
both species were perfectly separated by the first axis, and the majority of 
Clinostomum complanatum (n = 11) 
min-max (mean ± SD) I!ffi 
686-1,030 (820 ± 110) 
4,495-7,874 (5,741 ±1,223) 
1,635-2,434 (1,934 ±239) 
2.200-4.369 (2.994 ± 0.661) 
259-337 (294 ± 27) 
284-507 (401 ± 74) 
1.065-1.666 (1.358 ± 0.181) 
637-910 (795 ± 77) 
766-952 (839 ± 60) 
1.781-2.694 (2.140 ± 0.318) 
0.391-0.494 (0.436 ± 0.027) 
860-1,115 (1,020 ± 84) 
316-957 (484 ± 178) 
273-559 (412 ± 74) 
0.457-1.217 (0.905 ± 0.216) 
245-441 (328 ± 63) 
408-602 (493 ± 56) 
1.089-1.876 (1.544 ± 0.286) 
214-527 (353 ± 91) 
135-164 (149 ± 11) 
97-178 (129 ± 24) 
0.589-1.086 (0.866 ± 0.138) 
209-405 (296 ± 59) 
124-197 (157 ± 24) 
0.034--0.071 (0.053 ± 0.013) 
Equality of means 
(test statistic [t2(0.05),19), P-value) 
2.214, 0.039 
0.891, 0.389 
6.635, <0.0005 
-0.392, 0.699 
2.928, 0.009 
3.449, 0.003 
3.617, 0.002 
-4.348, <0.0005 
3.185, 0.005 
0.765, 0.454 
-0.062, 0.951 
3.633, 0.002 
1.115, 0.279 
5.505, <0.0005 
5.713, <0.0005 
1.633,0.119 
2.385, 0.032 
C. marginatum were more negative on axis 2 than C. complanatum. On the 
first axis, body width was the third strongest loading component (after 
anterior testis length and oral sucker width) and distance between suckers 
Was unimportant. On the second axis, body width loaded weakly and 
distance between suckers was the third strongest component (after ovary 
width and distance between testes). This shows that not only do these 2 
metacercarial characters distinguish between these 2 species, as shown by 
the discriminant analysis; they are also important in explaining the total 
morphometric variance of the specimens, regardless of species. 
Molecular analysis: In total, ITS sequences were obtained from 25 
specimens and COl sequences were obtained from 36 specimens, com-
prising 10 metacercariae of C. com plana tum and 23 metacercariae and 3 
adults of C. marginatum. Sequences of both markers were obtained from 5 
C. complanatum metacercariae, and from 2 C. marginatum adults and 12 C. 
marginatum metacercariae as well as from 3 additional specimens 
(specimens 26, 27, 28) that could not be allied with either species. COl 
FIGURE 5. Principal components analysis of 17 morphometrics in 21 
metacercariae of Clinostomum com plana tum and Clinostomum margina-
tum. The orientation and length of overlaid vectors is indicative of and 
proportionate to the importance of morphometries along both axes (2 of 
17 are labeled). 
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1 P.flQC 
2 NemeQC 
3 Pefl QC 
4 MidoQC 
5 Pefl QC 
6Arh.QC. 
7AmruQC 
8AmruQC 
9AmruQC 
10 Legi QC 
11 Arhe QC • 
HQ439579 Euty OK 
12 Misa ON 
13 Misa QC 
14 LegiQC 
15 Legi QC 
16 MidoQC 
17 NocrQC 
18 Bubo CA 
19 Pefl QC 
20 PefQCI 
21 EtniON 
22Arhe QC. 
23Amru QC 
24Amru QC 
25 MisaQC 
HQ439578 Euty OK 
'-------1 27 Rapi 
I-----l 
0.02 
28 RaclQC 
fl,:!,.' •• 
B 
4 
10 
11 
HQ439579 OK 
12 
_ 13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
IiIIlIDII 
27 
28 
'-- 2 
23 
24 
25 
HQ439578OK 
sequences only were obtained from 10 metacercariae and I adult of C. 
marginatum, and 3 metacercariae of C. complanatum. ITS only was obtained 
from a single metacercaria of C. marginatum and 2" of C. complanatum. The 
quality of chromatograms for both mtDNA and rDNA targets was 
generally good. However, chromatograms of ITS were either obtained in 
only I direction or were of poorer quality in 6 of 23 cases (6, in I direction, 
but high quality); for COl chromatograms, this occurred in 17 of 36 
specimens (7, in I direction, 6 of medium quality, and 4 oflow quality). 
Sequences of the ITS region were 1,035 bp (588 bp ITSI, 159 bp 5.8S, and 
288 bp ITS2) in C. marginatum and 1,026 bp (584 bp ITSI, 159 bp 5.8S, and 
283 bp ITS2) in C. complanatum. The amplified COl fragments in C. 
marginatum and C. complanatum were about 600 bp in length in both species. 
Except for 3 specimens (specimens 26, 27, 28) discussed further below, 
there were 65 differences between C. marginatum and C. complanatum in 
the alignment of ITS sequences, 41 bp in ITSI, and 24 bp in ITS2. There 
was a 4-bp deletion in ITSI and a 6-bp deletion in ITS2 in C. 
complanatum. At the 5' end oflTSl, 6 short tandem TA repeats occurred 
in the ITS sequences of C. marginatum, but not in C. com plana tum. 
Neither C. marginatum nor C. complanatum showed differences in 5.8S 
sequences. The rDNA sequences obtained from C. complanatum are 
identical to those reported by Dzikowski et al. (2004) for this species; those 
we obtained from C. marginatum are not contiguous with the 18S rDNA 
sequence of those authors. There were 166 differences between the 2 
species in the 661-bp alignment of COl nucleotide sequences and 15 
differences in translated amino acids. 
The K2P distance between the species was 7.3% over 579 positions 
among all 22 ITS sequences (Fig. 6). Sequences of COl diverged by a 
mean of 19.4% (range 18.3-21.5% over 168 positions, n = 33 sequences) 
c 
21 
37 Etni QC 
25 
24 
23 
12 
17 
11 
22 
15 
10 
13 
28 
27 
m 
'·j·i4i4.iiMi'tiii 
Figure 6. Neighbor-joining analyses of 
(A) nucleotide and (B) amino acid 
sequences of cytochrome c oxidase I 
(COl) and of (C) nucleotide sequences 
of internal transcribed spacer (ITS) from 
39 Clinostomum specimens and selected 
sequences from other studies. (A) Ki-
mura 2-parameter distances among COl 
nucleotide sequences using 168 bases 
common to all specimens. (B) Dayhoff 
distances among translated COl amino 
acids with the use of 56 residues common 
to all specimens. (C) Kimura 2-parameter 
distances among ITS sequences with the 
use of 557 bases common to all speci-
mens. (A-C) are on the same scale. 
Specimens 1-25 and 37 are Clinostomum 
marginatum and specimens 29-36 and 
38-39, are Clinostomum complanatum. 
Specimens 26-28 are potential hybrids 
(see text, Table II). AY245701 is C. 
complanatum from Dzikowski et al. 
(2004) and HQ439578-HQ439579 are 
from Bonett et al. (2011). Host species 
are denoted by Amru = Ambloplites 
rupestris, Arhe = Ardea herodias, Baca 
= Barbus canis, Baba = Barbus barbus, 
Bame = Barbus meridionalis, Bubo = 
Anaxyrus (Bufo) boreas, Etni = Etheos-
toma nigrum, Euty = Eurycea tynerensis, 
Legi = Lepomis gibbosus, Mido = 
Micropterus dolomieu, Misa = Micro-
pterus salmoides, Neme = Neogobius 
melanostomus, Nocr = Notemigonus cry-
soleucas, Pefl = Percaflavescens, Pino = 
Pimephales notatus, Racl = Lithobates 
(Rana) clamitans, Rapi = Lithobates 
(Rana) pipiens, Sqce = Squalius cephalus. 
between the species. There was no variation within C. marginatum in ITS 
sequences over 579 positions (n = 17). The mean intraspecific variation in 
COl sequences of this species was 0.6% (range 0-1.7% over 366 positions, 
n = 25). In analyses limited to 21 bidirectional COl sequences 2:420 bp, 
mean intraspecific divergence in C. marginatum COl was 0.4% (range 0-
1.1%). Most of the COl nucleotide variation within C. marginatum was 
not reflected in sequences of translated amino acids, which were identical 
except at 1 position, where 21 of 25 specimens had isoleucine, 3 had valine, 
and I had threonine. At this position, C. complanatum had valine. Within 
C. complanatum, mean intraspecific distance was 0% (over 745 positions, n 
= 9) in ITS and 0.8% (range 0-1.9% over 318 positions, n = 8) in COL 
There was no variation in translated amino acids COl within C. 
complanatum. Metacercariae and adults identified as C. marginatum had 
identical, or highly similar, ITS and COl sequences. 
The 2 species were not reciprocally monophyletic in neighbor-joining 
analysis (Fig. 6). This was due to 3 specimens showing indeterminate 
genetic affinity (Table II, Fig. 6). One metacercaria collected from B. 
barbus in Italy (specimen 26) had ITS sequences identical to C. 
complanatum and was morphologically indistinguishable from this species. 
However, the COl sequence initially obtained from this specimen was 
more similar, but still quite divergent (-10%), from C. marginatum 
(Fig. 6). A second sequencing of the COl PCR product of specimen 26, as 
well as a cloned sequence, both yielded a C. complanatum haplotype. 
Specimen 27, collected from Lithobates pipiens Schreber, in North 
America, had the same unique COl haplotype initially sequenced for 
specimen 26, but its ITS was identical to C. marginatum; this specimen was 
morphologically similar to C. marginatum, but possessed thick cuticular 
spines typical of Clinostomum attenuatum, a species not included in this 
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TABLE 2. Summary of genetic and morphological attributes of 3 specimens of Clinostomum examined from North America and Europe. Specimens are 
numbered as in Figure 5. 
Cloned COl 
c oxidase I (COl) COl amino nucleotides/repeated Internal 
Specimen Collection Morphology nucleotides acids sequencing transcribed spacer 
26 Barbus barbus, Santerno Clinostomum Unique haplotype Clinostomum C. complanatum C. complanatum 
River, Italy, 2010 complanatum marginatum 
27 Lithobates pipiens, Clinostomum Unique haplotype C. marginatum C. marginatum 
North America, 2009* attenuatuml 
C. marginatum 
28 Lithobates clamitans, Quebec, C. attenuatuml Unique haplotype C. marginatum C. marginatum 
Canada, 2010 C. marginatum 
* A live frog was obtained from Boreal Northwest (St. Catherine's, Ontario, Canada), a biological supply company that could not provide specific geographic information. 
study. Specimen 28, from Lithobates clamitans in Quebec, had the same 
unique COl haplotype as specimens 26 and 27 and ITS sequence was 
identical to C. marginatum; the morphological features of the specimen 28 
were identical to 27, showing thick cuticular spines. The translated amino 
acids of the unique COl haplotype common to specimens 26, 27, and 28 
were identical to those of most (21 of25) C. marginatum specimens. One of 
the COl sequences from a heretoplasmous Clinostomum sp. specimen from 
Eurycea tynerensis from Oklahoma studied by Bonett et al. (2011) 
clustered with the main C. marginatum haplotype, whereas the other 
showed intermediate similarity to both C. marginatum and the specimens 
26-28 sequence cluster (Fig. 6). 
DISCUSSION 
Morphological differences in both adults and metacercariae of 
C. complanatum and C. marginatum provided strong evidence of 
the validity of the latter species. Three important morphological 
differences were observed between metacercariae in the 2 species, 
i.e., the organization of the genital complex, body width, and 
distance between the suckers. Although the genital complex did 
not emerge from statistical analysis because simple measurements 
do not reflect the complex structural relationships of this 
character, it is probably a more reliable diagnostic feature. The 
shape of cirrus sac changes during development (Vianna et aI., 
2003), but this does not affect the position of this diagnostic 
structure (Ukoli, 1966), which is easily seen providing that the 
uterus is not completely filled with eggs. Like Ukoli (1966), we 
also found that the position of the genital pore is a useful 
character for discriminating between these Clinostomum species, 
although other authors have argued that this character can vary 
with different fixation or flattening techniques (Baer, 1933), or 
during development (Vianna et aI., 2003). 
Thus, our morphologic study identified several anatomic features 
useful for distinguishing these 2 species both at metacercariae and 
adult stages. Our redescription of C. marginatum is strongly 
consistent with those of Braun (1901), Osborne (1911, 1912), Cort 
(1913), Maccagno (1934), Ukoli (1966), and Lunaschi and Drago 
(2009). Our statistical analysis also suggests that metacercariae of C. 
complanatum and C. marginatum can be distinguished by the 
distance between the ventral and oral sucker and by the width of the 
body. These characters have appealing simplicity and accessibility, 
and can be recognized in unstained specimens by nonexperts. 
However, there are several reasons why further work is necessary to 
verify their utility. First, we did not investigate different stages of 
metacercaria development. Second, these traits may vary in 
specimens fixed or flattened with techniques other than those 
employed here. Third, these traits may vary in different host species 
(e.g., Blankespoor, 1974; Perkins et al. 2011). 
Except for 3 specimens (discussed below), the morphological 
differences of C. marginatum and C. complanatum were well 
supported by nuclear and mitochondrial sequences that provide 
independent estimates of species boundaries. Both ITS and COl 
are commonly used to infer species boundaries and relationships 
in flatworms (Morgan and Blair, 1995, 1998; Leon-Regagnon 
et aI., 1999; Tkach et aI., 2000; Kostadinova et aI., 2003; Scholz 
et aI., 2004; Vilas et aI., 2005). 
In digeneans, ITS is relatively conserved, with divergence 
generally ranging from -1 to 20% between species and variation 
less than 1% within species (Morgan and Blair, 1998; Nolan and 
Cribb, 2005). In most species studied to date, ITSI is more 
variable than ITS2, possibly because of evolutionary constraints 
on the secondary structure of ITS2 (Nolan and Cribb, 2005; 
Coleman, 2007). Tandem repeats similar to those we observed in 
ITSI in C. marginatum have been reported in diverse digeneans 
(e.g., Morgan and Blair, 1995; van Herwerden et aI., 1999; Tkach 
et aI., 2000), but are notably absent in C. complanatum, C. 
cutaneum, and C. phalacrocoracis (Gustinelli et aI., 2010; present 
study). 
A number of other ~tudies of species of digeneans have employed 
a fragment of COl downstream from the region that we studied and 
have generally obtained better resolution of species than those using 
rDNA (Vilas et aI., 2005). The 600-bp span of COl we sequenced 
was more variable both within, and between, C. complanatum and 
C. marginatum than ITS. In general, the signal of within versus 
between species variation was clearer in sequences of COl than ITS. 
Although the COl fragments contained less information than ITS, 
i.e., 600 versus 1,000 bp, the divergence between the species in COl 
was over 3 times greater than in ITS. Indeed, the low level of 
variation in ITS between 2 other Clinostomum species reported by 
Gustinelli et aI. (2010) (1.2-2.1 %) indicates these data may not be 
sufficient for discriminating species of Clinostomum without 
morphological support. With smaller numbers of differences in 
sequences of greater length, base-calling errors become more of a 
problem. Since almost all (33/36) specimens were better resolved by 
COl than by ITS data, the mitochondrial markers seem sufficient 
for routine discrimination of these species in most contexts. 
However, the specimens with indeterminate genetic attributes 
should not be ignored. We speculate that these could be 
descendants of hybridization between the 2 species. Maccagno 
(1934) reported C. marginatum (consistent with our description) 
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in Italy; the 2 species may not be as geographically isolated as 
commonly supposed. Hybridization could explain the identical 
COl sequences of 3 specimens on 2 continents, which are more 
similar to c. marginatum sensu stricto and identical to the latter 
when translated to amino acids. Matrilineal descendants of 
hybrids could retain C. marginatum mtDNA, and successive 
backcrosses would quickly lead to sweeps of nDNA from locally 
abundant species. Thus, the ITS sequences of the North American 
specimens are those of C. marginatum, and that of the European 
specimen is C. complanatum. Because nDNA encodes the overall 
phenotype, these lineages would be expected to show greater 
morphological resemblance to the locally abundant species. The 
mitochondrial heteroplasmy of the European specimen is also 
consistent with hybridization and is intriguingly similar to what 
Bonett et al. (2011) observed in a specimen of C. marginatum in 
Oklahoma. Similar discordance between nuclear and mitochon-
drial genes has been used to demonstrate introgressive hybridiza-
tion in diverse animals (Ballard and Whitlock, 2004), including 
digeneans (reviewed by Detwiler and Criscione, 2010). However, 
the pattern we observed could also arise from incomplete lineage 
sorting and historical introgression. Ultimately, further work, 
including larger-scale sampling and other molecular markers, is 
needed to clarify the status of these lineages and, therefore, the 
utility of these markers for distinguishing Clinostomum species in 
these problem cases. It is notable that the use of any of the 4 data 
types alone (COl, ITS, morphology, geographic origin) could 
have led to an erroneous conclusion with regard to the taxonomic 
status of these 3 specimens, and that their specific identity is still 
uncertain when all data are considered together. 
In the present study, we reconfinned the validity of C. marginatum 
with novel genetic data and morphological analyses of 2 life-cycle 
stages. We evaluated multiple molecular and morphological charac-
ters for discriminating C. marginatum from C. complanatum, linked 
our findings to historical taxonomic work, and provide further 
evidence of low levels of hybridization in Clinostomum species (see 
Bonett et al., 2011). Our molecular data linked metacercariae and 
adults of C. marginatum from naturally infected hosts. We hope our 
results will stimulate further taxonomic work that unites both 
morphology and DNA on these and other species of Clinostomum. 
To this end, a COl sequence library from diverse Clinostomum 
species, together with complete morphological descriptions, would be 
fruitful for the reorganization of the taxonomy of this genus. 
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CONSTRUCTION OF PCR PRIMERS TO DETECT AND DISTINGUISH EIMERIA SPP. IN 
NORTHERN BOBWHITES AND A SURVEY OF EIMERIA ON GAMEBIRD FARMS IN THE 
UNITED STATES 
Richard W. Gerhold*, Larry R. McDougald, and Robert B. Beckstead 
Department of Poultry Science, University of Georgia, Athens, Georgia 30602. e-mail: rgerhold@utk.edu 
ABSTRACT: Coccidiosis is an important disease in captive gamebirds, including northern bobwhites (Colinusvirginianus). Three 
Eimeria species, Eimeria lettyae, Eimeria dispersa, and Eimeria colini, have been described in bobwhites. Distinguishing the various 
Eimeria spp. is often problematic because of similarity in oocyst morphology and site of infection and thus requires live bird infections 
to distinguish between the coccidian species. To aid in identification and diagnosis, PCR specific primers were generated against the 
internal transcribed spacer region I (ITS-I) of the ribosomal RNA gene using sequences obtained from coccidian-positive samples 
collected from diagnostic cases or litter from captive bobwhites. Three distinct Eimeria spp. were detected. Species-specific primers 
were constructed and used to survey the prevalence of the species in 31 samples collected from 13 states. The primers survey results 
identified E. lettyae, E. dispersa, and Eimeria sp. in 20 (64.5%), 22 (71 %), and 29 (93.5%) of the samples, respectively. Mixed infections 
were common: 13 (41.9%) samples had 3 Eimeria spp., 14 (45.2%) had 2 spp., and 4 (12.9%) samples had only I species. The species 
were widely distributed over the area sampled and were not associated with the age of the flock. 
Northern bobwhites (Colinus virginianus) are an important 
game species. Approximately 1 million hunters pursue bobwhites 
each year (U.S. Department of the Interior, 2006). Free-ranging 
bobwhite populations have significantly decreased in the south-
eastern United States for various reasons, including habitat 
fragmentation (Droege and Sauer, 1990). To produce quail for 
recreational hunting, northern bobwhites are often raised in 
confinement to "flight ready" and subsequently released for 
hunting. It is estimated that 30-40 million bobwhites are raised in 
captivity and then released. Some farms in the United States 
produce upwards of 1 million birds annually for this market 
(North American Gamebird Association, pers. comm.). Raising 
game birds in these densities facilitates the transmission of 
pathogenic organisms, especially coccidia (Ruff, 1985, 1986). 
Coccidiosis is common in captive game birds for the same 
reasons it is common in the poultry industry, including bird 
density and high prolific rates of parasite replication (McDougald 
and Fitz-Coy, 2008). Although coccidiosis is responsible for 
major economic losses in the game bird industry, the Eimeria 
species infecting captive-reared game birds are not completely 
known. To date, 3 Eimeria species, i.e., Eimeria colini, Eimeria 
dispersa, and Eimeria lettyae, have been described in northern 
bobwhites (Tyzzer, 1929; Fisher and Kelly, 1977; Ruff, 1985). Of 
these, E. lettyae are E. dispersa are well described, but E. colini is 
incompletely known. There are 2 reports of another unnamed 
Eimeria species (Waggoner, 1967; Prostowo and Edgar, 1970). All 
of the reported species above share similar morphological 
features, including length-to-width size indices, high intraspecies 
size variability, lacking polar granules, and having an inconspic-
uous or no micropyle. Because of the overlapping morphologies, 
species identification requires reliance on biological characteris-
tics, including the pre-patent and sporulation periods, pathoge-
nicity of graded doses in the host, and cross-species transmission. 
To bypass these time-consuming procedures, PCR testing has 
been used for species identification. The goal of our study was to 
construct PCR primers that specifically amplify DNA of each 
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Eimeria spp. in northern bobwhites and use these PCR primers to 
survey samples from captive bobwhite facilities in the United 
States. 
MATERIALS AND METHODS 
Parasite collection and propagation 
Fecal, intestinal, or litter samples were collected from 31 captive-reared 
northern bobwhite facilities from various locations (Table I). The samples 
were sieved through cheesecloth, placed in 2% potassium dichromate, and 
aerated to encourage sporulation for at least 48 hr. The presence of 
Eimeria spp. in the aerated material was determined by microscopic 
examination. If no oocysts were observed, oral infections of sieved 
material were administered as a blind pass to the quail; the birds were then 
. raised in strict isolation to avoid coccidia contamination. Repeated 
. propagation of the cultures was conducted and oocysts were morpholog-
ically examined and enumerated using a McMaster's chamber. Propagated 
samples were stored in 2% potassium dichromate at 10 C until further use. 
DNA amplification and primer development 
Following removal of the potassium dichromate by repeated washing 
and centrifugation, oocysts were concentrated using saturated NaCI 
solution. Eimeria geIius-wide primers BSEF and BSER (Schnitzler et aI., 
1998) were used to amplify the internal transcribed spacer-I (ITS-I) region 
of the ribosomal RNA (rRNA). PCR components included 1-2 ~I of 
oocysts in a 25-~1 reaction medium, containing Ready-to-Go PCR beads 
(GE Scientific, Piscataway, New Jersey) and 0.5 ~M of primers BSEF and 
BSER. Cycling parameters for the amplification were 95 C for 5 min 
followed by 40 cycles of 95 C for 15 sec, 45 C for 30 sec, 72 C for 30 sec, 
and a final extension at 72 C for 15 min. A negative water control was 
included to detect contamination. PCR amplicons were separated by gel 
electrophoreses using a 1 % agarose gel, stained with ethidium bromide, 
and visualized with UV light. An approximate 500 bp amplicon was 
excised and the DNA purified using a QIAquick® Gel Extraction kit 
(Qiagen Inc., Valencia, California) per the manufacturer's instructions. 
Extracted DNA was cloned using pCR®4-TOPO® plasmid (Invitrogen, 
Carlsbad, California) according to the manufacturer's instructions. The 
plasmid was sequenced using primers T3 and T7 at the Integrated 
Biotechnology Laboratories at the University of Georgia (Athens, 
Georgia) using a 3100 Genetic Analyzer (Applied Biosystems, Foster 
City, California). 
Plasmid sequences were removed, and the remaining sequences were 
subjected to BLAST analysis to ensure Eimeria genus sequences were 
amplified and cloned. The sequences were aligned using the multisequence 
alignment ClustalX program (Thompson et aI., 1994). The DNA 
amplification procedure was replicated for 9 field isolates originating 
from multiple locations, and 4 to 6 clones from each PCR amplicons were 
sequenced. To sort the various Eimeria sequences into like groups, 
phylogenetic analysis and bootstrapping distances were conducted using 
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TABLE I. List of Eimeria spp. isolates obtained from captive northern bobwhite facilities from the United States. 
Isolate no. State of origin Bird age 
GA Adult 
2 AL Adult 
3 AR Undetermined 
4 AL Undetermined 
5 AL Undetermined 
6 AL Adult 
7 MS lOmo 
8 AL 12 mo 
9 MS 4mo 
10 AL 9.5 mo 
11 LA 9 days 
12 KS 1.5 mo 
13 KS Adult 
14 LA 7.5 mo 
15 MS 2wk 
16 GA 2.5 mo 
17 WI 2wk 
18 KY Adult 
19 PA 2wk 
20 SC 2mo 
21 MS 3.5 mo 
22 KY 3.5 wk 
23 PA 2wk 
24 PA I mo 
25 PA 3 mo 
26 GA 4.5 mo 
27 MO 8 mo 
28 TX I mo 
29 IA lOmo 
30 KS 2mo 
31 MS 2.5 wk 
MEGA (Molecular Evolutionary Genetics Analysis) version 4.0 (Kumar 
et aI., 2007) utilizing the neighbor-joining and minimum evolution 
algorithms using the Kimura 2-parameter model. Bootstrap values of at 
least 95 were considered sufficient to separate clades into distinct species. 
Sense and antisense primers were constructed for each separate phyloge-
netic group by visually examining sequence alignments for nucleotide runs 
that were conserved among all sequences in a particular phylogenetic group 
but different from sequences from other phylogenetic groups. Care was 
taken to minimize hairpins and dimmers and to have similar melting 
temperatures in the antisense and sense primers whenever possible. The 
resultant primers were tested against a plasmid containing the DNA insert 
belonging to the phylogenetic group of the corresponding primers. 
Matching primers and pure cultures 
Pure cultures of E. lettyae were obtained by propagating of three 
individually selected oocysts that were morphologically similar to those 
described by Ruff (1985). The propagated oocysts were confirmed to be E. 
lettyae by examining the pre-patent and sporulation periods, gross lesions, 
and pathogenicity, performing cross-species infection trials, and by PCR and 
nucleotide sequencing as previously described (Gerhold et aI., 2010). Pure 
cultures of E. dispersa were obtained from previous propagated oocysts that 
were stored in liquid nitrogen in our laboratory. The nucleotide sequence 
obtained from this frozen E. dispersa isolate was nearly identical to domestic 
turkey-obtained E. dispersa sequences available in GenBank. We were unable 
to match the third primer set to any particular Eimeria sp. Efforts to obtain 
reference strains of E. colini from other researchers were unsuccessful. 
Primer pairs were then matched to the corresponding species using the 
propagated pure cultures (E. lettyae and E. dispersa) as a template in a 
PCR reaction containing I of the species-specific primer pairs. PCR 
components were the same as the aforementioned protocol as was the 
cycling parameters except the annealing temperatures of the individual 
Eimeria lettyae Eimeria dispersa Eimeria sp. 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + + 
+ + 
+ + + 
+ + 
+ + + 
+ + + 
+ + + 
+ + 
+ + + 
+ + + 
+ + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ 
+ + 
+ + 
+ + 
+ 
+ 
+ + 
+ 
primer pairs were set as shown in Table II. The results of the PCR were 
used to determine which primer pair was specific to which Eimeria species 
and to ensure that cross-species detection did not occur with the primers. 
These species-specific primers were used to survey the collected and 
propagated quail coccidia samples to determine the distribution and 
frequency of the various Eimeria spp. 
RESULTS 
Thirty-one litter, fecal, or intestinal samples from captive quail 
facilities were collected from 13 states (Table I). Oocysts were 
detected by microscopy in all samples at either the time of 
submission or following 1 blind pass. Sequence alignment and 
phylogenetic analysis of rRNA-ITS 1 region indicated 3 
genetically distinct Eimeria species. Species-specific ITS-l sense 
and antisense PCR primers were constructed to detect E. lettyae, 
E. dispersa, and Eimeria sp. (Table 11). Primer annealing 
temperatures ranged from 45 to 48 C and amplicon size ranged 
from 280 to 320 bp (Table II). 
Utilizing the species-specific primers, we detected E. lettyae, 
E. dispersa, and Eimeria sp. in 20 (64.5%), 22 (71.0%), and 
29 (93.5%) of the 31 samples, respectively (Table I). Thirteen 
(41.9%) samples had 3 Eimeria spp., 14 (45.2%) samples had 
2 species, and 4 (12.9%) samples had 1 species. Of the 14 samples 
containing 2 species, E. dispersa and Eimeria sp. were found in 
7 (50.0%) samples, E. lettyae and Eimeria sp. were found in 
6 (42.9%) samples, and E. lettyae and E. dispersa were detected in 
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TABLE II. Species-specific PCR primers of Eimeria from northern bobwhites. 
Host Eimeria spp. Primer sequence Annealing temp (C) Amplicon size (bp) 
Northern bobwhite Eimeria dispersa 5'-ACATACTACTCCCCGTGC-3' 48 320 
5 '-TCCAGGACGCTCTTTCAG-3 , 
Northern bobwhite Eimeria sp. 5' -A TTTCGCTGCGTCCTTCA-3' 45 307 
5' -CCTGCATACTCCTTCAAA-3' 
Northern bobwhite Eimeria lettyae 5'-GCGTATATAGTGCACGCA-3' 45 280 
5'-GCTTTGTTGGATTTTGTCG-3' 
1 (7.1 %) sample. The various Eimeria spp. were widely distributed 
and were not associated with flock age or geographic location. 
DISCUSSION 
The constructed PCR primers specifically detected and 
distinguished 2 of the 3 recognized species of Eimeria in northern 
bobwhites. Two of the primer pairs were matched to either E. 
lettyae or E. dispersa. Since E. colini is incompletely described, 
and no reference strains of this species were available from other 
investigators, we could not match it to a specific primer set. It 
would be worthwhile to redescribe E. colini using techniques 
outlined by Ruff (1986). Additionally, it would be useful to 
determine the pathogenicity and host spectrum of E. colini. 
Although at least 1 other unnamed species has been reported in 
bobwhites, we detected only 3 species. Additional molecular 
surveys may reveal other distinct Eimeria spp. 
With PCR primers to distinguish the various Eimeria spp. in quail, 
researchers can determine which species are most associated with 
morbidity and mortality, and identify what vaccine strains should be 
produced. Additionally, the primers may be useful for diagnostic 
testing as well. It is interesting that only 3 Eimeria spp. were found in 
bobwhites, given that chickens (Gallus gallus), turkeys (Meleagris 
gallopavo), and ring-necked pheasants (Phasianus colchicus) contain 9, 
7, and 7 species, respectively (Tyzzer, 1929; Norton, 1976; McDougald 
and Fitz-Coy, 2(08). In contrast, chukars (Alectorischukar) possess 
only 2 reported species (pellerdy, 1974). In our phylogenetic analyses, 
we used a 95% bootstrap as a cutoff value to distinguish the various 
species. This value was chosen because phylogenetic analyses with 
GenBank-acquired ITS-l rRNA sequences from 7 chicken Eimeria 
spp. revealed that 95% was the lowest bootstrap value separating any 
2 Eimeria species. The ITS-l rRNA region was chosen for the 
molecular analysis for this study due to previously documented use in 
distinguishing Eimeria spp. in chickens (Schnitzler et aI., 1998), plus 
the fact that the resultant sequences can be used for meaningful 
intraspecies phylogenetic analyses. 
To our knowledge, this is the first survey of coccidia in captive 
bobwhites. All of the samples contained coccidia organisms; however, 
oocysts were detected from litter samples only following examination of 
a blind pass. The majority of the samples (n = 27; 87.1 %) contained at 
least 2 species of coccidia. The unknown Eimeria sp. (possibly E. colim) 
was detected in 29 (93.5%) samples and was the most frequently 
detected species in our study (Table I). The least frequently detected (n 
= 20; 64.5%), but most pathogenic, was E lettyae (Ruff and Wilkins, 
1987). The species composition in other bird hosts varies. A survey of 
109 pen-raised wild turkeys from 12 locations disclosed that 74 (68%) of 
the birds were positive for coccidia (Ruff et al., 1988). Of the positive 
birds, Eimeria meleagrimitis and Eimeria gallopavonis, which are 2 of 
the most pathogenic species, were the most frequently detected species. 
In contrast, McDougald et al. (1997) found Eimeria acervulina in 93% 
(n = 40) and Eimeria tene/la in 14% (n = 6) of Argentina poultry farms. 
Eimeria tenelLa is the most pathogenic coccidia species in chickens, but 
was the least frequently detected species, whereas E acervulina is mildly 
pathogenic, but was the most frequently detected species. 
Other studies of Eimeria spp. in wild northern bobwhite disclosed 
varying prevalences. Duszynski and Gutierrez (1981) did not observe 
any oocysts from the intestinal contents of 10 wild bobwhites from 
Roosevelt County, New Mexico. Williams et al. (2000) and Kocan 
et ai. (1979) reported Eimeria spp. oocysts from 36% (n = 9) of 
bobwhites from eastern Kansas and 28% (n = 30) of bobwhites from 
Oklahoma, respectively. The Eimeria spp. in these surveys were not 
identified, and no attempts were made to infect other hosts or to 
determine their pathogenicity by experimental infection. It would be 
useful to use the species-specific primers constructed in this study to 
determine the prevalence and distribution of the various Eimeria spp. 
in wild bobwhites from throughout their range. It is unknown if 
released quail can serve as a disease threat for wild quail; however, it 
would seem that coccidia would not be an issue in adult wild birds 
given the dispersal of wild animals and the self-limiting nature of 
coccidia infection. 
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A NEW SPECIES OF EIMERIA (APICOMPLEXA: EIMERIIDAE) FROM THE EASTERN 
PIPISTRELLE, PERIMYOTIS SUBFLAVUS (CHIROPTERA: VESPERTILIONIDAE), 
IN ARKANSAS 
Chris T. McAllister, Scott Burt*, R. Scott Seville*, and Henry W. Robisont 
Science and Mathematics Division, Eastern Oklahoma State College, Idabel, Oklahoma 75745. e-mail: cmcallister@se.edu 
ABSTRACT: During November 2009 and March 2010, 20 adult eastern pipistrelles, Perimyotis (=Pipistrellus) subflavus, were collected 
from Polk County, Arkansas, and their feces were examined for coccidian parasites. Two (10%) of the bats were found to be passing 
oocysts of an undescribed species of Eimeria. Oocysts of Eimeria heidti n. sp. were ovoidal to ellipsoidal, 26.1 X 20.5 lim (23-31 X 18-
23 !J.ffi), with a bilayered wall, externally rough, internally smooth, and with a shape index of 1.3. Micropyle and oocyst residuum were 
absent, but a subspherical polar granule was often present. Sporocysts were ovoidal, 13.0 X 8.8!J.ffi (11-15 X 7-13 lim), the shape index 
was 1.6, a Stieda body was present and sub-Stieda and para-Stieda bodies were absent. A sporocyst residuum consisting of multiple 
globules dispersed along the perimeter of the sporocyst and between the sporozoites were present, sporozoites were elongate, with a 
subspherical anterior refractile body and elongate posterior refractile body; a nucleus not discernible. This is the second coccidian 
reported from this host and the fourth instance of a coccidian species reported from an Arkansas bat. 
Wheat (l975a), in an abstract, originally reported an Eimeria 
sp. from 2 of 3 (67%) eastern pipistrelles, Perimyotis (=Pipis-
trellus) subflavus (F. Cuvier), from Lion's Den Cave, Clarke 
County, Alabama. He subsequently described Eimeria macyi from 
these samples (Wheat, 1975b). In addition, McAllister et ai. (2001) 
provided a redescription of E. macyi from 2 of 5 (20%) P. 
subflavus from Polk County, Arkansas. Three other bat coccid-
ians have been documented from the state, including Eimeria 
catronensis Scott and Duszynski, 1997, reported from northern 
long-eared myotis, Myotis septentrionalis (McAllister et ai., 2004); 
and Eimeria dowleri McAllister and Upton, 2009 and Eimeria 
sealanderi McAllister and Upton, 2009 from eastern red bats, 
Lasiurus borealis (McAllister and Upton, 2009). To our knowl-
edge, no other coccidians have been reported from any bat species 
from Arkansas. Here, we provide the description of a new species 
of Eimeria from P. subflavus from Arkansas. 
MATERIALS AND METHODS 
On 19 November 2009 and 3 March 2010, 20 adult P. subflavus were 
collected by hand from an abandoned mine tunnel, 17.8 km south-
southeast of Mena off county road 80 in the Ouachita National Forest of 
Polk County, Arkansas (34.42163°N, 94.20639°W). Specimens were 
placed in individual cloth collecting bags and necropsied within 24 hr 
after accepted guidelines (Gannon et a!., 2007). They were killed with an 
overdose of sodium pentobarbital (Nembutal®, Eli Lilly, North Chicago, 
Illinois). Fresh feces were collected from the rectum and placed in 
individual vials containing 2.5% (w/v) aqueous potassium dichromate 
(K2Cr207) and examined for coccidia by light microscopy after flotation 
in Sheather's sugar solution (specific gravity, 1.20). Both positive samples 
were allowed to complete sporulation at room temperature (23 C) in Petri 
dishes containing a shallow layer of 2.5% K2Cr207 for 5 days, and I 
sample was sent to one of us (S.B.) for further examination. Sporulated 
oocysts were again isolated by flotation (as described above), and 
measurements were taken on 39 oocysts by using a calibrated ocular 
micrometer; values are reported in micrometers, with means followed by 
the ranges in parentheses. Photographs were taken using Nomarski 
interference-contrast optics. Oocysts were ~60 days old when measured 
and photographed. Descriptions of oocysts and sporocysts follow the 
guidelines of Wilber et a!. (1998): oocyst length (L) and width (W), their 
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ranges and ratios (LIW), micropyle (M), oocyst residuum (OR), polar 
granules (PG), sporocyst length (L) and width (W), their ranges and ratio 
(LIW), Stieda body (SB), sub-Stieda body (SSB), para-Stieda body (PSB), 
sporocyst residuum (SR), sporozoites (SP), refractile bodies (RB), and 
nucleus (N). Photovouchers of sporulated oocysts were accessioned into 
the U.S. National Parasite Collection (USNPC), Beltsville, Maryland. 
Voucher specimens of bats (specimens in 70% ethanol) were deposited in 
the mammal collection at Henderson State University (HSU), Arkadel-
phia, Arkansas, as HSU 665-684. Here, we follow Menu (1984) and 
Hoofer et a!. (2006) in the use of the generic name Perimyotis in place of 
the formerly assigned genus Pipistrellus. 
DESCRIPTION 
Eimeria heidti n. sp. 
(Figs. 1-3) 
. Diagnosis: Oocyst shape ovoidal to ellipsoidal; bilayered wall, ~ 1.6 
. (1.4-1.9) thick, rough outer layer yellow to brown ~2/3 thickness, inner 
layer smooth. L X W 26.1 X 20.5 (23-31 X 18-23); LIW 1.3 (1.1-1.5). M 
and OR absent; single PG present, subspherical, either centrally located or 
adjacent to wall. Sporocysts ovoidal, L X W 13.1 X 8.9 (11-15 X 7-13); 
LIW 1.5 (1.3-1.7); wall single-layered and smooth. Prominent nipple-like 
SB present, SSB and PSB absent. SR present, consisting of multiple large 
globules dispersed along perimeter of sporocyst and between elongate SP; 
not readily discernable among SR globules. Anterior RB subspherical, 
posterior RB elongate; N not readily discernible. 
Taxonomic summary 
Type host: Perimyotis (=Pipistrellus) subflavus (F. Cuvier, 1832) Menu, 
1984, eastern pipistrelle (Chiroptera: Vespertilionidae), adult male (CTM 
111909-7), collected on 19 November 2009 by C. T. McAllister. 
Symbiotype deposited as HSU 671. 
Type specimens: Photosyntypes (=phototypes, see Bandoni and 
Duszynski, 1988) of sporulated oocysts deposited as USNPC 104118. 
Type locality: Arkansas, Polk County, Ouachita National Forest, 
17.8 km SSE of Mena off county road 80 at Pipistrelle Mine (34.42163°N, 
94.20639°W; elevation 303 m). 
Prevalence: Two of 20 (10%) of the P. subflavus examined. 
Sporulation: Exogenous. All oocysts were passed unsporulated or 
partially sporulated and became fully sporulated within 5 days at ~23 C. 
Prepatent and patent periods. Unknown. 
Site of infection: Unknown. Oocysts recovered from rectal contents and 
feces. 
Etymology: The specific epithet is given in honor of Dr. Gary A. Heidt, 
retired Professor of Biology, University of Arkansas at Little Rock, Little 
Rock, Arkansas, in recognition of his life-long contributions on the 
natural history of Arkansas mammals and for being a coauthor of the 
seminal text (Sealander and Heidt, 1990) on Arkansas mammals. In 
addition, he served as undergraduate mentor for C.T.M. and taught him 
much about mammalogy and the fauna of the natural state. 
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FIGURES 1- 2. Nomarski interference-contrast photomicrographs of oocysts of Eimeria heidti n. sp. (1-2) showing rough outer oocyst wall (OW), 
sporocyst residuum (SR), and Stieda body (SB). Bar = 10 ~m. 
Remarks 
Sporulated oocysts of E. heidti resemble those of several other eimerians 
from bats described or redescribed by Wheat (I 975b), Duszynski and 
Barkley (1985), Duszynski (1997), Duszynski et aL (1999), Alyousif 
(l999a, 1999b), McAllister et aL (2001), and McAllister and Upton (2009) 
that are similar in size and shape and/or have a rough or mammillated 
outer oocyst walL Our form is distinguished from E. macyi by having 
considerably larger oocysts (26 X 21 vs. 19 X 18); from Eimeria chiropteri 
and Eimeria kuhliensis by lacking a SSB and an OR, which both possess, 
and by having an ovoidal to ellipsoidal oocyst (L:W = 1.3 vs. 1.1); from 
Eimeria dowleri by lacking a SSB and by having a larger L:W (1.3 vs. 1.1); 
from Eimeria redukeri by lacking an OR and by having a larger oocyst 
(26 X 21 vs. 20 X 18); from Eimeria rioarribaensis by lacking a SSB; and 
from Eimeria tomopea by having smaller sporulated oocysts (26 X 21 vs. 
31 X 25) and by lacking an OR, which E. tomopea possesses. 
FIGURE 3. Composite line drawing of an oocyst of Eimeria heidti n. sp. 
Bar = 10 ~m. 
DISCUSSION 
The eastern pipistrelle has been the subject of numerous parasite 
studies, including those on ectoparasites (Fujita and Kunz, 1984) 
and several on endoparasites (summarized by McAllister et aI., 
2011). It has been reported previously to be a host of the coccidian E. 
macyi in Alabama and Arkansas (Wheat, 1975b; McAllister et aI., 
2001). We add an additional coccidian to the list of endoparasites of 
this bat. Interestingly, both E. macyi and E. heidti were taken from 
P. subflavus from the same locality but nearly a decade apart. 
In Arkansas, coccidia have been reported from only 3 of 16 
(19%) bat species, i.e., P. subflavus (McAllister et aI., 2001; 
this study), L. borealis (McAllister and Upton, 2009) , and M. 
sf?ptentrionalis (McAllister et aI., 2004). In addition, the following 
bats have been surveyed in the state but not yet found to harbor 
coccidia: hoary bat (Lasiurus cinereus), Rafinesque's big-eared bat 
(Corynorhinus rafinesquii) , southeastern myotis (Myotis austror-
iparius), little brown myotis (Myotis lucifugus), silver haired bat 
(Lasionycteris noctivagens) , evening bat (Nycticeius humeralis), 
big brown bat (Eptesicus Juscus), and Brazilian free-tailed bat 
(Tadarida brasiliensis) (McAllister et aI., 2004, 2005, 2006, 2009). 
Therefore, to our knowledge, only 5 Arkansas species (the first 3 of 
which are federally protected) have not yet been examined, 
including the gray myotis (Myotis grisescens), Indiana my otis 
(Myotis sodalis), Ozark big-eared bat (Corynorhinus townsendii 
ingens), small-footed myotis (Myotis leibil), and Seminole bat 
(Lasiurus seminolus). These negative survey data are not surprising 
given that Duszynski (2002, see table I) reported several bat species 
did not harbor coccidia and/or exhibited a low prevalence of 
infection (11% among 10 families, 43 genera, and 86 species). 
Additional coccidial surveys are certainly warranted; however, with 
reports of white-nose syndrome (caused by the fungus Geomyces 
destructans) in bats (Frick et aI., 2010) and the recent closing of 
numerous Arkansas caves to help prevent possible disease spread, 
future parasite studies may be very limited or outright restricted on 
those species using this natural resource. 
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CESTODES (CARYOPHYLLIDEA) OF THE STINGING CATFISH HETEROPNEUSTES 
FOSS/LIS (SILURIFORMES: HETEROPNEUSTIDAE) FROM ASIA 
Anirban Ash, Tomas Scholz, Mikulas Oros', Celine Levron, and Pradip Kumar Kart 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic & Faculty of Science, University of South Bohemia, 
Braniilovska 31, 37005 Ceske Budejovice, Czech Republic. e-mail: tscholz@paru.cas.cz 
ABSTRACT: The stinging catfish Heteropneustesfossilis (Bloch) (Siluriformes: Heteropneustidae) has been reported to harbor as many 
as 19 species of caryophyllidean tapeworms (Cestoda) of II genera in tropical Asia (Indomalayan zoogeographical region). However, a 
critical review of the species composition has shown that only 1 species, Lucknowia fossilisi Gupta, 1961 (Lytocestidae), is a specific 
parasite of H. fossilis. Three other species, Djombangia penetrans Bovien, 1926 (syn., Djombangia caballeroi Sahay and Sahay, 1977), 
Pseudocaryophyllaeus ritai Gupta and Singh, 1983 (syn. Pseudocaryophyllaeus lucknowensis Gupta and Sinha, 1984), and 
Pseudocaryophyllaeus tenuicollis (Bovien, 1926) Ash, Scholz, Oros and Kar, 2011 (syn. P. mackiewiczi Gupta and Parmar, 1982), 
were found only once. Lucknowia fossilisi is redescribed on the basis of new material collected in West Bengal and voucher specimens 
from Maharashtra, India. A total of 9 species of Capingentoides, Lucknowia, Lytocestus, Pseudoadenoscolex, Pseudocaryophyllaeus, 
Pseudoheteroinverta, and Sukhapatae are newly synonymized with L. fossilisi and previous synonymies of 9 other species, proposed by 
Hafeezulah (1993), are confirmed. Generic diagnosis of Lucknowia Gupta, 1961 is amended. In addition, 1 species of Pseudobatrachus 
and 2 species of the mono typic genera Pseudoneckinverta and Sudhaena are invalidated as nomina nuda. 
Freshwater teleost fish in the Indomalayan zoogeographical 
region have been reported to host a large number of tapeworms 
(Cestoda) belonging to the orders Caryophyllidea, Bothriocepha-
lidea, and Proteocephalidea (Mackiewicz, 1981; Schmidt, 1986). 
However, recent studies on the systematics of members of these 
tapeworm orders have shown that the actual number of valid taxa 
may be much lower (Hafeezulah, 1993; Kuchta and Scholz, 2007; 
Kuchta et aI., 2009; Ash et aI., 2011). It seems that many species 
were described only on the basis of subtle morphological 
differences accounted for by intraspecific variability and/or 
deformation of flattened or decomposed specimens. 
The stinging catfish, Heteropneustes fossilis (Bloch) (Siluriformes: 
Heteropneustidae), which occurs from Pakistan and Sri Lanka to 
Myanmar (Froese and Pauly, 2011), is a commercially important 
fish. As many as 19 species of tapeworms, all caryophyllideans, have 
been reported from this catfish (Table I); several of these have been 
invalidated. Hafeezulah (1993) provided the first critical analysis of 
caryophyllidean cestodes of freshwater fish in India and synony-
mized 7 species from H fossilis with either Bovienia bilocula 
(Murhar, 1963) or Lytocestus fossilisi (Gupta, 1961). 
Since 1993, other species of caryophyllideans from H fossilis 
were described from Bangladesh, India, and Nepal, but their 
validity remains questionable because of poor quality of their 
descriptions and unavailability of type material. New material 
was collected in Assam and West Bengal, India and in 
Bangladesh, during collecting trips between 2006 and 2011. This 
material made it possible to review the cestode fauna of the 
stinging catfish critically, and to clarify the taxonomic status of 
individual species. 
MATERIALS AND METHODS 
The present study is based on the evaluation of the following material 
(acronyms of collections: BMNH, The Natural History Museum, London, 
u.K.; IPCAS, He1minthological Collection, Institute of Parasitology, Ceske 
Received 27 September 2010; revised 4 May 2011; accepted 11 May 
2011. 
* Institute of Parasitology, Slovak Academy of Sciences, Hlinkova 3, 040 
10 Kosice, Slovakia. 
t Jhargram Raj College, Jhargram, Paschim Medinipur, West Bengal, Pin 
721507, India. 
DOl: lO.1645/GE-2661.1 
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Budejovice, Czech Republic; HWML, H. W. Manter Laboratory, University 
of Nebraska State Museum, Lincoln, Nebraska; INVE, Natural History 
Museum, Geneva, Switzerland; USNPC, U.S. National Parasite Collection, 
Beltsville, Maryland; ZSI, Zoological Survey of India, Kolkata (Calcutta), 
India; JSM, personal collection of John S. Mackiewicz, Albany, New York): 
(I) Crescentovitus biloculus Murhar, 1963-holotype from H. fossilis, 
Nagpur, Maharashtra, India (USNPC 70469) (photomicrographs taken by 
P. Pilitt); (2) whole mounts of 6 adult specimens from H. fossilis from India 
(Nagpur and Selu, Maharashtra, India), collected by B. M. Murhar (from J. 
S. Mackiewicz's collection, now deposited as HWML 49520, IPCAS C-578, 
JSM-not numbered, and USNPC 104240 and 104241); (3) whole mount of 1 
adult specimen from H. fossilis from India (local ponds around Calcutta, 
West Bengal), collected by A. Choudhury (now deposited as IPCAS C-578); 
(4) whole mounts and cross sections of 15 adult specimens from H. fossilis 
from the Pagia River at Kaliachak, West Bengal, India (24°51.65'N, 
88°01.08'E; 67 fish examined in March 2009, January 2010, and March 
20 11), collected by the present authors (host field numbers IND 27, 28, 76, 82, 
83,619,623,691,694, and 845; deposited as BMNH 2011.6.101-2, HWML 
49711, INVE 78907, IPCAS C-578, and USNPC 104769); (5) whole mounts 
of 1 mature and 2 juvenile specimens from H. fossilis from Phulbari dam lake 
at Siliguri, West Bengal, India (26°38.91'N, 88°23.96'E; 4 fish examined in 
March 2009 and 2011), collected by the present authors (lND 204, IPCAS C-
578 and IND 777, BMNH 2011.6.10.3); (6) whole mounts of 5 specimens 
from the Brahmaputra River at Jorhat, Assam (26°45.36'N, 94°12.63'E; 18 
fish examined in March 2011), collected by the present authors (lND 845, 
854, 855 and 888b, IPeAS C-578; IND 888a, INVE 78908); and (7) whole 
mounts of 1 juvenile and 1 mature specimens from Mymensingh, Bangladesh 
(24°43.65'N, 900 26.27'E; 17 fish examined in March 2011), collected by A. 
Ash, M. Oros, and T. Scholz (BAN 201; IPCAS C-578). 
Tapeworms collected by B. M. Murhar might have been kept for a long 
time in water to relax and thus became unnaturally elongated and partly 
decomposed (their internal organs have a diffuse appearance and loose 
structure; some of them, especially vitelline follicles, are not well delimited 
as discrete structures). Cestodes collected by the present authors were 
obtained following necropsy of live fish hosts. The caryophyllideans were 
fixed with hot (almost boiling) 4% formaldehyde solution (formalin) (Oros 
et aI., 2010; Ash et aI., 2011). 
Written requests to the authors of original descriptions andlor to the heads 
of the departments where specimens should have been deposited to obtain 
types or voucher specimens of all but 1 (c. biloculus) species described from 
H. fossilis were unsuccessful; so too was a search for types and vouchers of 
caryophyllidean cestodes in the Zoological Survey of India, Calcutta 
(Ko1kata) made by 2 of the authors (T.S. and P.K.K.) in March 2009. 
RESULTS 
A critical examination and evaluation of voucher specimens, 
newly collected material of caryophyllidean tapeworms from 
India (West Bengal) and Bangladesh, and original descriptions 
have revealed that only the following 4 species of Lytocestidae 
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TABLE 1. List of nominal species of cestodes (Caryophyllidea) described from Heteropneustes fossilis *. Species are listed chronologically according to 
families. Valid taxa in bold. 
Species Locality and state Taxonomic status 
Family Capingentidae 
Capingentoides singhi Verma, 1971 
Pseudocapingentoides indica Verma, 1971 
Capingentoides moghei Pandey, 1973 
River Gomati, Lucknow, India 
River Gomati, Lucknow, India 
Ballia, India 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit Capingentoides heteropneusti Gupta and Sinha, 1979 
Pseudocaryophyllaeus mackiewiczi Gupta and Parmar, 1982 
Pseudocapingentoides cameroni Gupta and Sinha, 1984 
Pseudocaryophyllaeus lucknowensis Gupta and Sinha, 1984 
Capingentoides fotedari Gupta and Parmar, 1986t 
Pseudocapingentoides gomatii Gupta and Parmar, 1990 
Pseudocaryophyllaeus heteropneustus Chandra and Khatun, 1993 
Pseudoadenoscolex fossilis Mathur and Srivastav, 1994 
Pseudoheteroinverta tikamgarhensis Srivastav and Khare, 2005 
Capingentoides vachai Pande, Dubey and Mittal, 2007 
Sukhpatae prithvipurensis Srivastav, Khare and Sahu, 2007 
Pseudoheteroinverta chirgaonensis Srivastav, Narayan, and 
River Gomati, Lucknow, India 
River Rapti, Gorakhpur, India 
River Gomati, Lucknow, India 
River Gomati, Lucknow, India 
Lucknow, India 
Synonym of Pseudocaryophyllaeus tenuicollist 
Synonym of Lucknowia fossilisit 
Synonym of Pseudocaryophyllaeus ritait 
Synonym of Lucknowia fossilisit 
River Gomati, Lucknow, India 
Mymensingh, Bangladesh 
India 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Prathvipur, Tikamgarh, India 
Faizabad, India 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Prathvipur, Tikamgarh, India Synonym of Lucknowia fossilisit 
Singh,2008 Chirgaon, Jhansi, India Synonym of Lucknowia fossilisit 
Family Lytocestidae 
Lucknowia fossilisi Gupta, 1961 
Crescentovitus biloculus Murhar, 1963 
Djombangia caballeroi Sahay and Sahay, 1977 
Pseudolytocestus fossilisi Pande, Mittal and Singh, 2000 
Lucknowia ovocompactum Singh, Sharma and Rastogi, 2001 
Lytocestus heteropneustii Tandon, Chakravarty and Das, 2005 
Lytocestus jagtai Tripathi, Singh and Mishra, 2007 
River Gomati, Lucknow, India 
Nagpur, Maharashtra, India 
Chotanagpur, India 
valid 
Synonym of Lucknowia fossilisit 
Synonym of Djomhangia penetranst,§ 
description not available India 
Meerut Region, India 
Guwahati, Assam, India 
Rewa, India 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
Synonym of Lucknowia fossilisit 
• Capingentoides moghei, Capingentoides jotedari, and Capingentoides vachai, newly synonymized with Lucknowia jossilisi, have been reported only from Channa striata, 
Clarias batrachus, and Eutropiichthys vacha, respectively. 
t Present study. 
t Ash et al. (2011). 
§ Haffezulah (1993). 
Hunter, 1927 may parasitize the stinging catfish, H. fossilis (see 
Table I). (1) DJombangia penetrans Bovien, 1926, reported as 
DJombangia caballeroi Sahay and Sahay, 1977 from H. fossilis 
from Ranchi (Chotanagpur), Bihar, India (Sahay and Sahay, 1977). 
Mackiewicz (1981) questioned the validity of D. caballeroi and 
Hafeezulah (1986, 1993) synonymized it with D. penetrans. Ash et 
al. (2011) confirmed this synonymy based on a study of new 
material from India. This cestode is a typical parasite of the walking 
catfish, Clarias batrachus (L.) (see Ash et aI., 2011), and was found 
in stinging catfish only once. (2) Pseudocaryophyllaeus ritai Gupta 
and Singh, 1983, described by Gupta and Sinha (1984) as 
Pseudocaryophyllaeus lucknowensis from H. fossilis from the river 
Gomati in Lucknow, India. Hafeezulah (1993) considered this 
taxon to be a synonym of Pseudocaryophyllaeus indica, but Ash et 
al. (2011) considered this synonymy to be incorrect and instead 
synonymized P. lucknowensis with P. ritai. This cestode is a 
common parasite of C. batrachus and its occurrence in stinging 
catfish appears to be rare; it has never been found since the report of 
Gupta and Sinha (1984). (3) Pseudocaryophyllaeus tenuicollis 
(Bovien, 1926) Ash, Scholz, Oros and Kar, 2011, reported as 
Pseudocaryophyllaeus mackiewiczi Gupta and Parmar, 1982 from 
H. fossilis from Gorakhpur, Uttar Pradesh, India (Gupta and 
Parmar, 1982). Hafeezulah (1993) synonymized it with P. indica, but 
Ash et al. (2011) considered this synonymy to be incorrect because 
of con specificity of P. mackiewiczi with P. tenuicollis. This cestode is 
a common parasite of C. batrachus and the presence in stinging 
catfish is considered to be rare; it has not been reported since Gupta 
and Parmar (1982). (4) Lucknowia fossilisi Gupta, 1961, which was 
described by Gupta (1961) from H. fossilis from the Gomati River 
in Lucknow, India, and which is redescribed herein, is based on new 
materials and specimens collected by B. M. Murhar. It seems to be 
the only cestode unique to this species of catfish and has been 
reported under a number of different names (Table I). 
Hafeezulah (1993) synonymized 9 species (see below), but 7 
others have been described from stinging catfish since 1993: 
Pseudocaryophyllaeus heteropneustus, Pseudoadenoscolex fossilis, 
Lucknowia ovocompactum, Lytocestus heteropneustii, Pseudoheter-
oinverta tikamgarhensis, Lytocestus Jagtai, Sukhpatae prithvipur-
ensis, and Pseudoheteroinverta chirgaonensis; (Chandra and 
Khatun, 1993; Mathur and Srivastav, 1994; Singh et aI., 2001; 
Srivastav and Khare, 2005; Tandon et aI., 2005; Srivastav et aI., 
2007; Tripathi et aI., 2007; Srivastav et aI., 2008). Here, all these 
species and Capingentoides vachai Pande, Dubey and Mittal, 2007, 
described from another fish host, Eutropiichthys vacha, are newly 
synonymized with L. fossilisi because they are morphologically 
indistinguishable (see below), and the latter species is redescribed 
herein based on newly collected material. 
REDESCRIPTION 
Lucknowia tossilisi Gupta, 1961 
(Figs. 1-3) 
Diagnosis (based on whole mounts of 11 complete and 7 incomplete 
specimens, 6 slides of cross sections, and 3 specimens for SEM and TEM; n 
A 
ga 
e 
e 
'01' 
B 
e 
e 
N 
c 
e 
e 
N 
FIGURE 1. Outlines of adults of Lucknowia spp. (Cestoda: Caryophyllidea) 
parasitizing Clarias batrachus and Heteropneustesfossilis in Asia. (A) Lucknowia 
microcephala (Bovien, 1926) Ash, Scholz, Oros and Kar, 2011. (B) Lucknowia 
fossilisi Gupta, 1961 (new material from West Bengal; host field No. IND 28, 
deposited as IPCAS C-578). (q Lucknowiafossilisi Gupta, 1961 (cold formalin-
fixed material from Assam; IND 888, deposited as IPCAS C-578). Abbrevia-
tions: fvf = first vitelline follicle; ft = first testis; ga = genital atrium. 
indicates the number of measurements; measurements of Gupta (1961) given in 
parentheses and those ofneotype in brackets): Caryophyllidea, Lytocestidae. 
Body long and slender (Fig. IB), 15-45 mm (n = 5; 5.8--6.9 mm) [25 mm] 
long, with maximum width, up to 1.6 mm (1.3 mm) [1.2 mm], at level of cirrus 
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sac, tapering gradually toward anterior region; 2 subtypes of capilliform 
f!litriches (see Chervy, 2009), easily differentiated based on their length and 
internal morphology, observed on surface (Fig. 2D-I) by transmission 
electron microscopy. Scolex digitiform (Figs. IB; 2A, B; 3A, B), 278-527 (n = 
6; 210--480) [404] wide, not clearly distinguished from long neck (Figs. IB; 
3A, B); scolex surface covered with capilliform filitriches (Fig. 2D-F), 
approximately 1,600 mn long and 150 mn wide, with flexible cap, longer than 
base (950 versus 650 nm). Surface of other regions bear capilliform filitriches 
about 1,900 mn long and 90 nm wide (Fig. 2G-I), with short cap about 
150 nm long. Outer and inner longitudinal musculature well developed, 
formed by I irregular band of diffused muscle fibers, intermingled with thick-
walled excretory canals (Fig. 3H). Excretory canals well developed, 
anastomosed, broad and conspicuous, mainly in posterior part of body. 
Testes medullary, 167-209 in number (n = 8) [167], almost spherical, 65-148 
(130-180) [116-121] long by 50-140 (70-130) [102-116] wide (n = 60). 
Position of anteriormost testes variable, from 2.4 -8.4 mm posterior to first 
vitelline follicles; testicular field reaches to vas deferens; pretesticular region 
represents about 114-3/5, i.e., 26-58% (n = II) [114, i.e., 26%] of body length. 
Cirrus sac large, oval, 236-701 (340--430) [453] long by 211-479 (270-310) 
[399] wide, its width represents 29-45% of width of body. Ovary follicular 
(Fig. 3E, G), close to posterior extremity, mostly inverted A-shaped, i.e., with 
posterior arms connected to each other (Figs. IB; 3D); 0.4-1.2 mm [994] 
wide; arms 1.1-3.5 mm [1.9 mm]long by 111-444 wide (n = 24) [319-345]. 
Vagina tubular, slightly sinuous (Fig. 3D). Seminal receptacle oblong, 78-143 
long by 40-67 wide (n = 4), dorsal to ovarian isthmus (Fig. 3F). Vitelline 
follicles numerous, 73-134 (60-140) [80-103] long by 27-103 (50-100) [79--87] 
wide (n = 60), mostly cortical; some follicles may penetrate between inner 
longitudinal muscles, whereas others present in medulla (Fig. 3H); anterior-
most follicles begin 2.5--8.5 mm (1.0-1.9 mm) [3.8 mm] from anterior 
extremity of scolex (Figs. IB; 3A), may extend up to anteriormost ovarian 
follicles (Fig. 3G); previtellarian part represents 118-114, i.e., 13-26% (n = II) 
[1/6, i.e., 18%] of total length of body. Postovarian vitelline follicles absent. 
Uterus forms many loops between ovary and posterior margin of cirrus sac; 
pre ovarian part surrounded by numerous glands (Fig. 3D) except for most 
distal (terminal) loops; uterine area 1.5-5.9 mm long (n = 14; Fig. 3D) [3.2], 
represent 115-215, i.e., 19--37% [115, i.e., 22%], of testicular field. Eggs oval, 
unembryonated, operculate, 30-38 (17-18) long by 27-30 (10-11) wide 
(n = 34). Male and female genital pores separate, open to shallow genital 
atrium (corresponding to Fig. 5.23 of Mackiewicz, 1994) (Figs. IB, 3D). 
Taxonomic summary 
Synonyms: Crescentovitus bi/oculus Murhar, 1963; Capingentoides singhi 
Verma, 1971; Pseudocapingentoides indica Verma, 1971; Capingentoides 
moghei Pandey, 1973; Capingentoides heteropneusti Gupta and Sinha, 1979; 
Pseudocapingentoides cameroni Gupta and Sinha, 1984; Capingentoides 
fotedari Gupta and PlIl1llar, 1986; Pseudocapingentoides gomatii Gupta and 
Parmar, 1990; Pseudocaryophyllaeus heteropneustus Chandra and Khatun, 
1993; Pseudoadenoscolex fossilis Mathur and Srivastav, 1994; Lucknowia 
ovocompactum Singh, Sharma and Rastogi, 2001; Lytocestus heteropneustii 
Tandon, Chakravarty, and Das, 2005; Pseudoheteroinverta tikamgarhensis 
Srivastav and Khare, 2005; Capingentoides vachai Pande, Dubey and 
Mittal, 2007; L. jagtai Tripathi, Singh and Mishra, 2007; Sukhapatae 
prithvipurensis Srivastav, Khare and Sahu, 2007; Pseudoheteroinverta 
chirgaonensis Srivastav, Narayan and Singh, 2008. 
Type host: Heteropneustesfossilis (Bloch) (Siluriformes: Heteropneustidae). 
Additional hosts: Clarias batrachus (L.) (Siluriformes: Clariidae); 
Channa striata (L.) (Perciformes: Channidae); Eutropiichthys vacha (L.) 
(Siluriformes: Schilbeidae). 
Type locality: River Gomati, Lucknow, Uttar Pradesh, India. 
Distribution: Bangladesh, India (Assam, Maharashtra, Uttar Pradesh, 
West Bengal), Nepal. 
Type material: Could not be located and almost certainly does not exist 
because all material of Gupta (1961) has been lost (J. S. Mackiewicz, pers. 
comm.). To facilitate comparative taxonomic studies in the future and to 
avoid confusion, a complete specimen from H. fossilis from the Pagla river 
at Kaliachak, West Bengal, India (field No. IND 691) is designated as a 
neotype (IPCAS C-578). 
Remarks 
A number of caryophyllidean tapeworms have been reported from 
stinging catfish in Bangladesh, India, and Nepal, with as many as 7 
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FIGURE 2. Scanning (SEM) and transmission (TEM) electron micrographs of Lucknowia jossilisi Gupta, 1961 (Caryophyllidea: Cestoda) from 
Heteropneuslesjossilis in the Asia. (A-C) Scolices. (0) Microtriches from the proximal region of the scolex; SEM. (E) Capilliform filitriches of the scolex; 
TEM. (F) Detail of capilliform filitriches showing the base (b), base plate (arrowhead), and cap (c); TEM. (G) Microtriches from the posterior part of the 
body; SEM. (H, I) Capilliform filitriches of the posterior part of the body; TEM. Abbreviations: b = base; c = cap. 
described from specimens found in the same locality, Gomati River in 
Lucknow, Uttar Pradesh, India (Gupta, 1961; Verma, 1971; Gupta and 
Sinha, 1979, 1984; Gupta and Parmar, 1990-see Table I). 
Three species, D. penetrans (syn. D. caballerOl), P. ritai (syn. P. 
lucknowensis), and P. tenuicollis (syn. P. mackiewiczz), were reported from 
stinging catfish only once each, and thus seem to represent either 
extremely rare or, more probably, atypical parasites of this host. 
Djombangia penetrans conspicuously differs from the other species in its 
possession of the bottle-shaped body and bulbous scolex (see Fig. 7 in Ash 
et aI., 2011), whereas both species of Pseudocaryophyllaeus Gupta, 1961 
have a slender body and spatulate scolex truncated anteriorly, with frilled 
anterior edge (see Fig. 10 in Ash et aI., 2011). They differ from each other 
mainly by the posterior extent of vitelline follicles, which reach posteriorly 
up to the ovary in P. tenuicollis (see Ash et aI., 2011). 
Otherwise, all remaining caryophyllideans parasitic in H. fossilis, 
including all specimens recently found by the present authors in Bangladesh 
and India, are indistinguishable from each other, based on a summary of 
literature accounts alone (specimens were not available). These species share 
the following morphological characteristics: (1) a robust body with 
undifferentiated, digitiform scolex distinctly narrower than the neck and 
widened, long body (Fig. IB); (2) a large, mostly inverted A-shaped ovary 
situated near the posterior end of the body, with long anterior arms 
(Figs. IB; 3D); (3) a long uterine region (Fig. 3D); (4) separate gonopores 
opening into a shallow genital atrium (corresponding to Fig. 5.23 in 
Mackiewicz, 1994) (Fig. 3D); and (5) vitelline follicles cortical with a few 
follicles present also in the medulla (Fig. 3H), but cross sections are 
available only for 2 species, C. biloculus and L. heteropneustii (see Gupta, 
1961; Verma, 1971; Singh, 1975; Gupta and Sinha, 1979; Gupta and 
Parmar, 1985, 1990; Chandra and Khatun, 1993; Singh et aI., 2001; 
Srivastav and Khare, 2005; Pande et aI., 2007; Srivastav et al., 2007, 2008). 
Descriptions of these species contain apparent errors, the most frequent 
being misidentification of ovarian follicles as vitelline follicles; thus postovarian 
vitelline follicles are reported. The serninal receptacle, which is present 
(Fig. 3F), was almost invariably overlooked. The eggs were reported to be 
nonoperculate, which is apparently an error (the eggs of all caryophyllideans, 
including those from the Indomalayan region, are operculate (Mackiewicz, 
1972; Ash et al., 2011), and their measurements are erroneous (Verma, 1971). 
Hafeezulah (1993) synonymized 9 species (see Table I for authorities), 
namely Pseudocapingentoides indica, C. singhi, C. heteropneusti, P. 
cameroni, C. fotedari, and P. gomatii with Bovienia bilocula (Murhar, 
1963) (syn. C. biloculus Murhar, 1963), and C. moghei, Lytocestus fossilis, 
and Lytocestoides fossilis with Lytocestus fossilisi (Gupta, 1961). 
Synonymizations of these taxa is not questioned in this study, but all 
the above-listed species are considered to belong to only I species, for 
which the name Lucknowia fossilisi is proposed as the oldest available. 
The other taxa described since 1993, i.e., P. heteropneustus, L. 
ovocompactum, L. heteropneustii, P. tikamgarhensis, L. jagtai (Table 1), 
and Pseudoheteroinverta chirgaonensis, are newly synonymized with L. 
fossilisi because they are morphologically indistinguishable and share 
diagnostic features characteristic of the latter taxon (see redescription of 
L. fossilisi above). 
Mathur and Srivastav (1994) erected a new genus Pseudoadenoscolex to 
place their new species P. fossilis from H. fossilis from Jhansi, Uttar Pradesh, 
India. This species is indistinguishable from L. fossilisi (see Figs. 1-3 of 
Mathur et al., 1994). Hence, P. fossilis becomes a new synonym of L. fossilisi 
and Pseudoadenoscolex is invalidated, being synonymized with Lucknowia. 
Srivastav et al. (2007) erected Sukhpatae to accommodate their new species, 
S. prithvipurensis, from H. fossilis from Prithvipur, Tikamgarh (Madhya 
Pradesh), India. However, the type and only species of the newly proposed 
genus is identical in its morphology with L. fossilisi (see Figs. 1-4 of Srivastav 
et aI., 2007). Accordingly, S. prithvipurensis becomes a new synonym of L. 
fossilisi and Sukhpatae becomes a junior synonym of Lucknowia. 
Pande et al. (2007) described C. vachai from another catfish, E. vacha, 
from Faizabad, Uttar Pradesh, India, but the authors misidentified 
ovarian lobes as vitelline follicles (see plate II of Pande et aI., 2007). In 
fact, C. vachai is indistinguishable from L. fossilisi and it is synonymized 
with the latter taxon. The present authors dissected 22 E. vacha fish, but 
did not find any caryophyllideans. 
The oldest available name applicable for tapeworms typical of H. fossilis, 
which are characterized above, is L. fossilisi, even though the description of 
this taxon contained several serious errors, as already pointed out by 
Mackiewicz (1981), who studied S. P. Gupta's material. Tapeworms 
described by Gupta (1961) were contracted and their scolices were deformed 
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(see Figs. 2 and 3 in Gupta, 1961; J. S. Mackiewicz, pers. comm.), ovarian 
follicles were erroneously considered as vitelline follicles, a seminal 
receptacle was not observed, and the eggs were incorrectly described to 
possess filaments, which are absent (J. S. Mackiewicz, pers. comm.). In 
contrast, the operculum, which is undoubtedly present, was neither reported 
in the original description nor illustrated in Figure 5 of Gupta (1961). 
Despite all these deficiencies, L. fossilisi is considered to be a valid 
species and all tapeworms subsequently described from the stinging 
catfish, which are listed above (see also Table I), are considered to be 
conspecific. Most authors considered negligible differences, which were 
likely accounted for by intraspecific, individual variability, or, more 
probably, were caused by deformation of worms during their fixation, or 
subsequent processing, or both, to be sufficient for erection of new species 
or even new genera. The present authors fixed 1 of 3 L. fossilisi tapeworms 
from the same host (IND 888) with cold formalin, which caused strong 
contraction of this tapeworm compared with conspecific worms fixed with 
hot formalin (Fig. IB, C). This specimen is almost identical in shape of its 
body and scolex with L. fossilisi illustrated by Gupta (1961; compare his 
Figs. 1-4 with Fig. lC in this article). 
Unlike Mackiewicz (1994), Ash et al. (2011) did not consider 
Crescentovitus to be a valid genus and synonymized it with Lucknowia 
Gupta, 1961. Its type, and only, species, C. biloculus Murhar, 1963, was 
also synonymized with L. fossilisi by Ash et al. (2011). Results of the 
present study, in which the material of B. M. Murhar was examined, 
supported this taxonomic conclusion because L. fossilisi and C. biloculus 
share the body of a similar shape, digitiform scolex rounded at its anterior 
extremity, a conspicuously follicular ovary situated near the posterior 
extremity, with the anterior arms longer than the posterior ones, and a 
comparatively short neck region (Gupta, 1961; Murhar, 1963; Ash et aI., 
2011). Hafeezulah (1993) retained Murhar's species as valid, but 
transferred it to Bovienia Fuhrmann, 1931 as B. bilocula (Murhar, 1963) 
Hafeezulah, 1993. However, species of Bovienia have vitelline follicles 
limited to the lateral sides of the body, whereas those of C. bi/oculus are 
present also medially (Ash et aI., 2011). 
Based on the new data, the generic diagnosis of Lucknowia is emended 
because this genus was invalidated by Hafeezulah (1993) and Mackiewicz 
(1994). Ash et al. (2011) resurrected Lucknowia but did not provide 
amended diagnosis of the genus. 
AMENDED DESCRIPTION 
Lucknowia Gupta, 1961 
Diagnosis: Caryophyllidea, Lytocestidae. Body long and 
slender, with maximum width at level of cirrus sac, tapering 
gradually toward anterior region. Scolex long, digitiform to 
slightly lanceolate. inner longitudinal musculature well devel-
oped, formed by large bundles of muscle fibers. Excretory canals 
well developed, anastomosed, broad and conspicuous, mainly in 
posterior part of body. Testes medullary; cirrus sac large, oval. 
Ovary conspicuously follicular, close to posterior extremity, with 
posterior arms shorter than anterior ones, H-shaped with 
posterior arms bent inwards, or inverted A-shaped with posterior 
arms connected. Vagina tubular, slightly sinuous; seminal 
receptacle present. Vitelline follicles numerous, mostly cortical, 
with a few follicles medullary; postovarian vitelline follicles 
absent. Uterus forms many loops between ovary and posterior 
margin of cirrus sac; preovarian loops surrounded by numerous 
glands, except for most distal (terminal) part; uterine region long. 
Eggs oval, unembryonated, operculate. Male and female genital 
pores separate, open to shallow genital atrium (corresponding to 
Fig. 5.23 of Mackiewicz, 1994). 
Taxonomic summary 
Type species: Lucknowia fossilisi Gupta, 1961. 
Additional species: Lucknowia microcephala (Bovien, 1926) Ash, 
Scholz, Oros and Kar, 2011. 
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FIGURE 3. Line drawings of Lucknowiafossilisi Gupta, 1961 (A) Anterior part of the body with the first vitelline follicles (material collected by B. M. 
Murhar, deposited as IPCAS C-578). (B) Scolex (new material from West Bengal; host field No. IND 27, deposited as IPCAS C-578). (C) Excretory 
canals in the scolex; note the anastomoses. (D) Posterior part of the body, ventral view; note slightly different posterior extent of vitelline follicles in 
relation to the anterior extent of ovarian follicles (new material from West Bengal; host field No. IND 76, deposited as IPCAS C-578). (E, G) Region 
with the anteriormost ovarian follicles and posteriormost vitelline follicles; note different posterior extent of vitelline follicles in relation to the anterior 
extent of ovarian follicles (material collected by B. M. Murhar, deposited as IPCAS C-578). (F) Ovarian region, ventral view; note a well-developed 
seminal receptacle (sr) dorsal to the ovarian isthmus (material collected by B. M. Murhar, deposited as IPCAS C-578). (H) Cross section at the level of 
testes; note presence of vitelline follicle in the medulla (mvf) (new material from West Bengal; host field No. IND 27, deposited as IPCAS C-578). 
Abbreviations: cs = cirrus sac; cvf = cortical vitelline follicles; eb = excretory bladder; ec = excretory canal; elm = external longitudinal musculature; 
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TABLE II. Distinguishing characters of species of Lucknowia Gupta, 1961 (Cestoda: Caryophyllidea) (see also Fig. I). 
Lucknowia microcephala (Bovien, 1926) Ash, 
Scholz, Oros and Kar, 2011 Lucknowia fossilisi Gupta, 1961 
Clarias batrachus Heteropneustes fossilis Type host 
Scolex 
Previtellarian part of body 
Lanceolate, clearly distinguished from, 
and wider than, long neck 
Comparatively long, represents 
Digitiform, not clearly distinguished from long neck 
Comparatively short, represents about 114-1/5 of total body length 
about 113 of total body length 
Ovary shape H or inverted-A shaped 
Posterior extent of vitelline follicles Never reach ovary 
Remarks 
The most remarkable morphological characteristic of Luckno-
wia is the presence of some vitelline follicles in the medulla, 
whereas others are cortical (Fig. 8F in Ash et a!., 2011, and Fig. 
3H in the present article). Both species of the genus also possess a 
long body with a robust posterior part, a long digitiform scolex, a 
conspicuously follicular ovary situated near the posterior 
extremity, with the anterior arms longer than posterior ones, 
the latter being bent inwards (H-shaped ovary) or even connected 
(inverted A-shaped ovary), and separate male and female genital 
pores, opening to a shallow genital atrium (Ash et a!., 2011; 
present article). 
Lucknowia microcephala, which is a specific parasite of walking 
catfish C. batrachus and was redescribed by Ash et a!. (20 II), 
differs from L. fossilisi in several distinct characters, such as shape 
of the body and scolex, length of the previtellarian region (Fig. 1), 
posterior extent of vitelline follicles, and shape of the ovary (see 
Table II). 
Overall prevalence of the infection of stinging catfish with L. 
fossilisi in Assam and West Bengal, India was 25% and 18% (a 
total of 24 and 92 fish examined, respectively) and mean intensity 
of infection was 1.3 (1-2 range) and 1.9 (1-7), respectively (a 
heavily infected fish from Assam, which harbored as many as 65 
juvenile and immature tapeworms, was not included). In 
Bangladesh (Mymensingh), I of 17 fish examined was infected 
(prevalence 6%) with 2 tapeworms. 
DISCUSSION 
As the previous authors (Mackiewicz, 1981; Hafeezulah, 1993; 
Ash et a!., 2011) have shown, the actual number of valid species of 
cestodes parasitic in freshwater teleost fish in the Indomalayan 
region is considerably lower than previously reported. The present 
study has demonstrated that only I species, L. fossilisi (instead of 
14 species listed in the literature-Table I) seems to be a typical 
and most probably host-specific parasite of the stinging catfish, 
even though it is not very frequent. Recently, L. fossilisi was 
found in 5 localities (Pagla River at Kaliachak, Phulbari dam lake 
at Siliguri, and the Hooghly River at Rishra near Calcutta, all 
West Bengal, the Brahmaputra River at Jorhat, Assam, all India, 
and Mymensingh, Bangladesh), whereas fish from the Hooghly 
River at Howrah near Calcutta (Kolkata; n = 9), Jhargram 
Mostly inverted-A shaped 
May reach up to ovary 
(Paschim Medinipur; n = 4), and Atrayee River at Balurghat (n = 
2), all West Bengal, and the Godavari River at Gangapur, 
Maharashtra (n = 1), were not infected. 
Unlike most other caryophyllideans, L. fossilisi tapeworms 
were infrequently found in the anterior part of the intestine, 
whereas most tapeworms occurred in the middle and posterior 
thirds of the host intestine. In a heavily infected host, which 
harbored as many as 65 cestodes throughout the whole length of 
the intestine, the largest worms were located in the posterior part 
of the gut. The total length (TL) of stinging catfish infected with 
L. fossilisi was 13.5-26 cm (standard length [SL] 12.5-24.5 cm), 
whereas the length of all fish examined varied from 13 to 27.5 cm 
(TL) and 12 to 25 cm (SL), respectively. 
Three remaining cestodes, D. penetrans, P. ritai, and P. 
tenuicollis, were found in H. fossilis just once and thus may 
represent only atypical infections. The present authors dissected a 
total of 134 stinging catfish (17 specimens from Mymensingh 
in Bangladesh, 24 specimens from Assam, I specimens from 
Maharashtra, and 92 specimens from West Bengal, all India), but 
have never found any of these 3 species. These 3 species are 
common parasites of C. batrachus, which occurs sympatrically 
with H. fossilis, and thus incidental infection of this atypical host 
(or mislabeling of samples if only guts of fish are taken from fish 
markets, which is a common practice) cannot be ruled out. 
Besides the taxa listed above, 3 new taxa, namely Pseudoba-
trachus pahujensis Srivastav, Singh and Narayan, 2011; Pseudo-
neckinverta dhuaniensis Srivastav, Narayan and Singh, 2011; and 
Sudhaena khurdensis Srivastav, Khare, Sahu and Yadav, 2011 (the 
last species reported in the title to be a parasite of C. batrachus, but 
in the text H. fossilis was mentioned as its host), were described 
from H. fossilis. Pseudoneckinverta and Sudhaena were erected as 
new genera (Srivastav, Khare et a!., 2011; Srivastav, Narayan, and 
Singh, 2011; Srivastav, Singh, and Narayan, 2011). However, these 
names appeared in abstracts of a national conference (98th Indian 
Science Congress) and thus descriptions of neither of these taxa are 
valid and all become nomina nuda. Another species, Pseudolyto-
cestus fossilisi Pande, Mittal and Singh, 2000 was also described 
from H. fossilis from India (Pande et a!., 2000), but its original 
description was not available to assess its validity. The original 
papers could not be located in any of the major libraries, or by 
using an internet search; neither authors of the papers nor editors 
of the journals replied to requests for the articles. 
fgp = female genital pore; ga = common genital atrium; ilm = inner longitudinal musculature; Mg = Mehlis gland; mgp = male genital pore; mvf = 
medullary vitelline follicles; ov = ovary; sd = sperm duct; sr = seminal receptacle; t = testis; ug = uterine glands; ut = uterus; vf = vitelline follicles; 
vg = vagina. 
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MOLECULAR CHARACTERIZATION OF ANISAKIS LARVAE FROM FISH CAUGHT 
OFF SARDINIA 
Mauro Meloni, Giulia Angelucci, Paolo Merella*, Rita Siddit, Carlo Deianat, Germano Orru:j:, and Fulvio Salati 
Fish Disease and Aquaculture Center, IZS of Sardinia, State Veterinary Institute, Via Parigi s.n., 09170 Oristano, Italy. e-mail: mauro_meloni76@ 
yahoo.it 
ABSTRACT: Anisakis spp. larvae are parasitic, and potentially zoonotic, nematodes transmitted by marine fish and cephalopods, 
which are the main intermediate hosts of the third larval stage. The accidental consumption of infected raw or poorly cooked fish may 
cause gastroenteric diseases and allergies in humans. The aim of the present study was to use polymerase chain reaction-restriction 
fragment length polymorphism (PCR-RFLP) to define the occurrence, species variability, and host preferences of Anisakis spp. larvae 
in fish caught off the coast of Sardinia. Necropsy was used on 285 samples; 552 Anisakis spp. L3 larvae were isolated from 87 fish that 
tested positive for this nematode. Anisakis pegreffii was most frequently encountered (90.6%), with a primary preference for Scomber 
scombrus, Zeus faber, and Trachurus mediterraneus. In contrast, the prevalence of Anisakis physeteris was only 1.3%. A hybrid 
genotype of Anisakis simplex sensu stricto and Anisakis pegreffii was also observed, which confirms the results of previous studies 
carried out in the western Mediterranean. Interestingly, no Anisakis simplex s.s. larvae were recovered. These results indicate that the 
diversity of Anisakis species is low in Sardinia waters, probably because of its geographic position. 
Anisakids are parasitic nematodes present in marine environ-
ments, which in their larval stage use fish or crustaceans as 
paratenic hosts. Their presence in fishery products is causing 
growing sanitary and economic problems as more raw, or poorly 
cooked, fish are consumed worldwide. Anisakis sp. is the most 
studied Anisakidae because it can cause significant clinical 
diseases and food allergies in humans. This is because of the 
gastric or intestinal localization of the parasite (D' Amelio et aI., 
1999; Audicana et aI., 2002; Chai et aI., 2005; Daschner and 
Pascual, 2005; Umehara et aI., 2007; Audicana and Kennedy, 
2008). Humans are accidental hosts, as the parasite uses cetaceans 
as definitive hosts. 
Until about 15 yr ago, the consumption of raw seafood or 
undercooked fish was confined to Japan and some European 
coastal populations (Audicana et aI., 2002). Nowadays, the 
spread of the use of traditional European (Spanish, Italian, 
Norwegian, Dutch, etc.) raw fish dishes and typical Asian ones, 
such as sushi and sashimi, in inland cities in the Mediterranean 
area means that greater surveillance of the fish products and 
better knowledge of parasite distribution is necessary. 
Morphologically, Anisakis spp. includes 2 types of third-stage 
larvae, i.e., type I and type II, which can be identified and 
classified with the use of optical microscopy. Type I larvae have a 
long ventricle and a tail extremity with a mucron; type II have a 
short ventricle and a tail extremity without the mucron (Berland, 
1961). However, identification at the species level is sometimes 
necessary, and biomolecular techniques that use appropriate 
genetic markers, such as the ITS region or the mitochondrial cox2 
sequences, are presently the most useful (Zhu et aI., 1998; 
D' Amelio et aI., 2000; Pontes et aI., 2005; Abe et aI., 2006; Chen 
et aI., 2008; Lee et aI., 2009). Molecular analysis allows one not 
only to discriminate between at least 8 different species of 
Anisakis spp. larvae, but also to identify recombinant genotypes 
such as Anisakis simplex sensu strictolAnisakis pegreffii hybrids 
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(Abollo et aI., 2003; Lee et aI., 2009). The latter is of great 
importance in both the sanitary and ecological fields. Under-
standing the geographical distribution and whether Anisakis sp. is 
present or absent in a particular fish species can be used as 
biological indicators of fish stocks and food-web integrity, as 
suggested by Mattiucci (2006) and Mattiucci et aI. (2008). 
Several investigators have attempted to define the epidemio-
logical situation with reference to the occurrence and distribution 
of Anisakis spp. larvae in the Mediterranean (Abollo et aI., 2003; 
Mattiucci et aI., 2004; Pontes et aI., 2005; Farjallah, Busi et aI., 
2008, Farjallah, Slimane et aI., 2008; Rello et aI., 2009). Some 
research has been carried out on the prevalence, distribution, and 
hybrid diffusion of Anisakis spp. along the North African coast 
of the Mediterranean and in Spanish waters. The presence of 
heterozygote forms in Italian waters area has not been examined. 
The aim of the present work is to contribute to our 
epidemiological knowledge of Anisakis spp. larvae in fish caught 
off Sardinia. Molecular characterization by PCR-RFLP was used 
to identify the species of Anisakis, and DNA sequencing was 
performed to validate the finding of hybrid genotypes. 
MATERIALS AND METHODS 
During a 15-mo period, between January 2009 and April 2010, 285 
fish caught off Sardinia were collected (Table I). The species, and number 
collected, were as follows: Engraulis encrasicolus (52), Merluccius 
merluccius (50), Mullus surmuletus (33), Trachurus mediterraneus (31), 
Trachurus trachurus (25), Micromesistius poutassou (17), Scomber scom-
brus (10), Zeus faber (10), Sardina pilchardus (5), Trachurus picturatus (4), 
and other species (48). Fish were caught from all 4 geographic coasts. Each 
fishing ground included different sampling areas, as illustrated in Figure 1. 
The fish were taken directly to the State Veterinary Institute in Oristano 
(Sardinia, Italy), where they were immediately inspected and necropsied. 
Anisakis L3 larvae were isolated from fish that were found to be positive 
on visual inspection and enzymatic digestion, with the help of optical 
microscopy. Enzymatic digestion by pepsin and hydrochloric acid yielded 
a number of larvae, which were identified as Anisakis type I and type II. 
After pepsin digestion, the larvae were repeatedly washed in 0.01 M 
phosphate-buffered saline (PBS) and stored in microcentrifuge tubes at 
-80 C for molecular analysis. 
In total, 552 Anisakis L3 anisakid larvae were isolated from the 87 fish 
that were positive for this nematode, and these were used for the DNA 
study (Table I). Total DNA was isolated from Anisakis sp. larvae with the 
use of a CTAB method, as described by different authors (Smith et aI., 
1989; Amaro et aI., 2008; Salati et aI., 2010), with some modifications. In 
our case, the CT AB method was integrated with a pretreatment 
procedure, which was designed to increase the yield of isolated DNA. 
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TABLE 1. Results of the teleosts examined and positive to Anisakis spp. with amount and relative frequency (F) of molecular genotypes of 
Anisakis species. 
Examined Positive Larvae Anisakis pegreJJiit Anisakis physeteri4 Hybrid genotypet 
Host host* hostt number N§ F N§ F N§ F 
Trachurus 
trachurus 25 20 266 244 (91.7) (0.4) 21 (7.9) 
Trachurus 
mediterraneus 31 8 15 14 (93.3) (6.7) 
Trachurus 
picturatus 4 3 38 32 (84.2) 6 (15.8) 
Engraulis 
encrasicolus 52 18 63 58 (92.0) 5 (8.0) 
Merluccius 
merluccius 50 15 16 12 (75.0) 4 (25.0) 
Micromesistius 
poutassou 17 14 116 103 (88.8) 6 (5.2) 7 (6.0) 
Scomber scombrus 10 5 17 17 (100) 
Mullus surmuletus 33 2 1 111 (100) 
Zeus Jaber 10 1 19 18 (94.7) (5.3) 
Sardina pilchardus 5 111 (100) 
Other species# 48 
Total 285 87 552 500 (90.6) 7 (1.3) 45 (8.1) 
* Number of hosts examined for Anisakis spp. presence by visual inspection and necropsy. 
t Number of hosts positive to Anisakis nematodes. 
t The species identification was performed by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP). Frequency (%) was calculated as follows: 
(Nllarvae number) x 100. 
§ Number of Anisakis spp. larvae found in each fish species. 
II Insufficient larvae number for an accurate evaluation. 
# Other teleosts negative to Anisakis spp. presence. 
Complete worms, their bodies, and pieces of variable length (2-10 mm), 
were inserted into sterile 1.5-ml microcentrifuge tubes, suspended in 200 ).11 
of DNAase-RNAase-free water (Invitrogen, Carlsbad, California) and 
subjected to 2 freezing and heating treatments at -80 C and 85 C, 
respectively. After each heating step, the larvae were ground with a sterile 
pestle (StarLab, Ahrensburg, Germany) until complete homogenization 
was accomplished. At the end of this pretreatment, 200 ).11 of nuclease-free 
water was added to the homogenate in order to start the CT AB extraction 
method. A brief description of the method follows: (I) An incubation step 
r 
EAST 
COAST 
FIGURE 1. Fishing grounds of Sardinian coasts where the 87 teleost, 
positive to Anisakis spp. presence, were caught. South coast: (A) Golfo di 
Cagliari, (B) Golfo di Sant'Antioco. West coast: (C) Golfo di Oristano, 
(D) Golfo di Alghero. North coast: (E) Golfo dell'Asinara. East coast: 
(F) Golfo di Orosei, (G) Golfo di Arbatax. Note: Amount and frequency 
of each Anisakis species found in this study are listed in Table II. 
at 65 C for 10 min was followed by addition of 75 ).11 SDS/proteinase K 
(14:1) (Sigma-Aldrich, St. Louis, Missouri); (2) incubation at 65 C for 
10 min was followed by the addition of 100 ).11 NaCI (5 M) and 100 ).11 of 
CTAB (0.27 M)/NaCI (0.7 M) (Sigma-Aldrich); (3) after the mixture was 
incubated at 65 C for 10 min and purified with 750 ).11 of SEVAG 
(chloroform:isoamyl alcohol 24:1; Sigma-Aldrich), it was centrifuged at 
45,700 g for 10 min, and the supernatant was transferred to a new 
microcentrifuge tube; (4) DNA was precipitated in 400 ).11 of isopropanol 
(Sigma-Aldrich) for 2 hr at - 20 C, and then centrifuged for 30 min at 
13,400 g. The resulting pellet was dried at room temperature for 20 min, 
and then rehydrated in 50 ).11 of nuclease-free water. All the DNA samples 
were stored at -80 C. 
All PCR reactions were carried out in a final volume of 50 ).11 containing 
5).11 of lOx buffer, 3.0 mM MgCI20 0.2).1M of each primer, 500).1M of each 
dNTP (dCTP, dGTP, dATP, dTTP), 1 U of Platinum Taq Polymerase 
(Invitrogen), 2 ).11 of extracted DNA, and 34.8 ).11 of nuclease-free water. 
Two primers were used to amplify the approximately 950 base pair (bp) 
target regions, including ITS1, 5.8S rRNA, and ITS2 (Zhu et aI., 1998; 
D'Amelio et aI., 2000). The forward primer NC5 was GTAGGT-
GAACCTGCGGAAGGATCATT, and the reverse primer NC2 was 
TTAGTTTCTTCCTCCGCT. 
Primers were synthesized by MWG-Biotech (Ebersberg, Germany). 
PCR was performed in a MJ Mini thermal cycler (BioRad Laboratories, 
Hercules, California) under the following conditions: 2 min at 95 C, 30 
cycles of 30 sec at 95 C, 30 sec at 60 C, and 2 min at 72 C, followed by a 
final elongation of 7 min at 72 C. Amplicons were run on 2% agarose gel 
stained with SYBR Safe (Invitrogen). Bands were visualized using the Safe 
Imager and PhotoDoc-It Imaging System (Invitrogen). 
Three restriction endonucleases were used for RFLP analysis of the ITS 
region. HinfI, HhaI, and TaqI (New England Labs, Ipswich, Massachu-
setts) provided an useful pattern for correctly identifying both of the 
different species of Anisakis spp. and of A. simplex s.s./ A. pegreJJii hybrids 
(D'Amelio et aI., 2000; Pontes et aI., 2005; Lee et aI., 2009). Restrictions 
were performed with the use of 10 ).11 of amplified DNA, 0.1 ).11 of 
restriction enzyme, 1.5 ).11 of enzyme buffer, 0.2 ).11 of BSA, and 3.4 ).11 of 
nuclease-free water up to a final volume of 15.2 ).11. Enzymatic digestion 
with HinfI and HhaI occurred at 37 C for 90 min, and with TaqI at 65 C 
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for 90 min. RFLP patterns were evaluated on 3% agarose gel stained with 
SYBR Safe and visualized with the Safe Imager and PhotoDoc-It Imaging 
System. 
Confirmation of A. simplex s.s'/A. pegreffii hybrids was obtained 
through sequencing. To perform this task, the samples were purified with 
the use of the commercial kit "Wizard SV Gel and PCR Clean-up System" 
(Promega Inc., Madison, Wisconsin) in accordance with the manufactur-
er's instructions. DNA sequencing was performed by MWG-Biotech, and 
the electropherograms obtained were analyzed with the use of Chromas 
2.13 software. The DNA sequences were first put in BLAST (Basic Local 
Alignment Search Tool) available at NCB! (http://blast.ncbi.nim.nih.gov/ 
Blast.cgi), to identify the species correctly, or find homologous species, 
or both. They were then aligned with the more similar, and previously 
characterized, sequences of Anisakis sp. by CLUSTAL W-Multiple 
Sequence Alignments available from EMBL-EBI (http://www.ebi.ac. 
ukITools/msa/ciustalw21), to identify possible SNPs (single nucleotide 
polymorphisms). 
RESULTS 
Visual inspection and necropsy 
Postmortem examination of 285 teleosts yielded 552 Anisakis 
type I and type II L3 larvae. Visual inspection of the body cavity 
with an illuminated magnifying glass permitted the larvae to be 
isolated. They were then identified with the use of ordinary light 
microscopy. The fish muscle was subjected to enzymatic digestion, 
and the recovered larvae were identified as described above. 
Eighty-seven of the 285 samples were infected by Anisakis spp. 
nematodes. 
PCR-RFLP analysis 
Amplification of the ITS region with NC5 and NC2 primers 
produced a fragment of about 950 bp. Before RFLP analysis could 
be performed, the quality of the amplified products required 
verification; i.e., good band intensity and the absence of nonspecific 
products in the agarose gel were verified. Next, 552 DNA 
amplicons of Anisakis larvae were processed in PCR-RFLP in 
order to identify the species. In this instance, 3 restriction 
endonucleases, i.e., Hinfl, HhaI, and TaqI, were used, because 
they are most appropriate and best-known enzymes for this type of 
molecular identification. Only 2 of the known species of Anisakis 
sp. were detected, i.e., A. pegreffii and Anisakis physeteris. 
Digestion with Hinfl produced 3 different patterns, i.e., 3 
strong bands (370,300, and 250 bp) for A. pegreffii, 3 bands (380, 
290, and 270 bp) for A. physeteris, and fragments of 620, 370, 300, 
and 250 bp for the hybrid genotype. HhaI produced the same 
restriction pattern (550 and 430 bp) for the 3 above-mentioned 
genotypes. TaqI yielded 3 bands (400, 320, and 150 bp) for A. 
pegreffii, a pattern of 300,280, and 140 bp for A. physeteris, and 4 
bands of 430,400,320, and 150 bp for A. simplex s.s'/A. pegreffii 
hybrids. 
Five hundred (90.6%) of the 552 isolated larvae were identified 
as A. pegreffii, 7 (1.3%) as A. physeteris, and 45 (8.1 %) as hybrid 
genotypes (Table I). Most examples of A. pegreffii were found in 
T. trachurus and M. poutassou, although when the number of fish 
of each species is considered, the highest numbers as a percentage 
were found in S. scombrus (100%), Z. faber (94.7%), and T. 
mediterraneus (93.3%). The numbers were lower in M merluccius 
(75.0%) and T. picturatus (84.2%) (Table I). Anisakis physeteris 
was almost exclusively found in M. poutassou, with a frequency of 
5.2%. The highest percentages of the hybrid genotype were found 
in M. merluccius (25.0%) and T. picturatus (15.8%); in S. 
scombrus, M. surmuletus, and S. pilchardus, it was totally absent 
(Table I). 
Table II shows the frequency of Anisakis spp. in relation to the 
geographic location. The highest prevalence of A. simplex s.s'/A. 
pegreffii hybrids was recorded on the eastern and western coasts, 
with a frequency of about 11.6%, and with a marked host 
preference for M. poutassou (28.6%) on the western coasts and T. 
picturatus (15.7%) on the eastern coasts. Anisakis physeteris was 
more common on the east coast, and it was mainly found in M 
poutassou. 
Sequencing results 
Six of 45 recombinant genotypes detected by PCR-RFLP 
showed the typical hybrid pattern (Fig. 2). They were sequenced 
to confirm the presence of distinctive polymorphisms. The 
electropherograms of about 850 nucleotides were analyzed with 
Chromas 2.13 software and their DNA sequences were put in 
BLAST. Anisakis simplex was the species with the highest sequence 
homology, based on its maximum score. The electropherograms 
were then aligned in CLUSTAL W with reference sequences of A. 
pegreffii (EU624343) and A. simplex s.s. (EU624342). 
Two overlapped crr peaks in position 252 and 268 (Y252 and 
y268) were found in all the analyzed sequences, confirming the 
existence of hybrid genotypes. The sample "worm 364b" showed a 
further polymorphism, i.e., GIA, in position 552 (R552). Three 
sequences were deposited in GenBank, i.e., HM802274, HQ616674, 
and HQ616675. 
DISCUSSION 
The species discrimination of Anisakis spp. larvae can only be 
defined by molecular examination. Some genetic markers, such 
as the "ITSl-5.8S-ITS2" region or the mitochondrial cox2 gene, 
are the most frequent targets used to identify Anisakis spp. in 
different areas of the world (Abollo et aI., 2003; Umehara et aI., 
2006; Farjallah, Busi et aI., 2008; Farjallah, Slimane et aI., 2008; 
Lee et aI., 2009; Santoro et aI., 2010; Suzuki et aI., 2010). 
The Mediterranean basin has a mixed population of Anisakis 
species. Their variety is mainly preserved thanks to the connection 
to the Atlantic Ocean through the Strait of Gibraltar. This is an 
important meeting point for different ecologic areas, as well as the 
migration route for many fish species, and, above all, for bluefin 
tuna. 
The present work focuses on the biodiversity of Anisakis spp. 
worms in the marine ecosystem of Sardinia, an island in the center 
of the western Mediterranean, in order to make a comparison 
with previous studies that focused on neighboring fishing 
grounds. In total, 285 fish, caught off different geographical 
areas of the Sardinian coasts, were examined for the presence of 
Anisakis L3 larvae; 87 of these were found to be infected with 
Anisakis sp. 
PCR-RFLP analysis of the 552 larvae found a remarkably high 
frequency of A. pegreffii in Sardinian waters. There was no 
significant difference among the various fishing grounds of 
Sardinia. This confirms the evidence from several other authors 
who have worked in different areas of the Mediterranean (Abollo 
et aI., 2003; Mattiucci et aI., 2004; Farjallah, Busi et aI., 2008; 
Farjallah, Slimane et aI., 2008; Mattiucci et aI., 2008; Santoro 
et aI., 2010). 
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TABLE II. Amount and relative frequency (F) of molecular genotypes of Anisakis species in relation to the geographical origin of teleosts. 
Examined Positive Larvae Anisakis pegreJfiit Anisakis physeterist Hybrid genotypet 
Area Host host* hostt number N§ F N§ F N§ F 
South Sardinia Trachurus 
trachurus 11 11 178 165 (92.6) (0.6) 12 (6.7) 
Micromesistius 
poutassou 9 9 88 83 (94.3) 3 (3.4) 2 (2.3) 
Merluccius 
merluccius 15 7 4 211 (50.0) 211 (50.0) 
Trachurus 
mediterraneus 21 4 5 511 (100) 
Scomber 
scombrus 2 2 8 8 (100) 
Mullus 
surmuletus 15 2 III (100) 
Zeus Jaber 7 I 19 18 (94.7) (5.3) 
Other species# 6 
Total 90 36 303 282 (93.1) 4 (1.3) 17 (5.6) 
East Sardinia Trachurus 
trachurus 4 4 6 6 (100) 
Trachurus 
mediterraneus 7 4 10 9 (90.0) (10.0) 
Trachurus 
picturatus 3 3 38 32 (84.2) 6 (15.7) 
Merluccius 
merluccius 6 3 9 8 (88.9) (11.1 ) 
Micromesistius 
poutassou 4 3 14 10 (71.4) 3 (21.4) (8.2) 
Other species# 14 
Total 38 17 77 65 (84.4) 3 (3.9) 9 (11.7) 
North Sardinia Scomber 
scombrus 2 2 8 8 (100) 
Merluccius 
merluccius 2 111 (100) 
Other species# 7 
Total 11 3 9 9 (100) 
West Sardinia Engraulis 
encrasicolus 52 18 63 58 (92.0) 5 (7.9) 
Trachurus 
trachurus 9 5 82 73 (89.0) 9 (11.0) 
Merluccius 
merluccius 27 4 2 III (50.0) III (50.0) 
Micromesistius 
poutassou 4 2 14 10 (71.4) 4 (28.6) 
Scomber 
scombrus 6 111 (100) 
Sardina 
pilchardus 3 111 (100) 
Other species# 45 
Total 146 31 163 144 (88.4) 19 (11.6) 
Total 87 552 500 (90.6) 7 (1.3) 45 (8.1) 
• Number of hosts examined for Anisakis spp. presence by visual inspection and necropsy. 
t Number of hosts positive to Anisakis nematodes. 
t The species identification was performed by PCR-RFLP. Frequency (%) was calculated as follows: (Nnarvae number) X 100. 
§ Number of Anisakis spp. larvae found in each fish species. 
II Insufficient larvae number for an accurate evaluation. 
# Other teleosts negative to Anisakis spp. presence. 
912 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO. 5, OCTOBER 2011 
Hinfl 
MABCDEFGHIM 
100 bp-
Teql 
M ABC 0 E F G.:M I M 
600b 
100 bp-
FIGURE 2. Agarose gel electrophoresis of Anisakis PCR-RFLP 
products. As an example, 6 of the 45 hybrid genotypes were run (Lanes 
C- H) with the addition of Anisakis pegreffii (Lanes A and B) and Anisakis 
simplex s.s. (Lane I) in order to highlight differences with the recombinant 
forms; a 100-base-pair (bp) marker (M) has been used. Enzymatic 
digestion with HinfI produced the following restriction patterns: 370, 300, 
and 250 bp for A. pegreffii (Lanes A and B); 620, 370, 300, and 250 bp for 
hybrid genotype (Lanes C- H); 620 and 250 bp for A. simplex S.s. (Lane I). 
Enzymatic digestion with TaqI produced the following restriction 
patterns: 400, 320, and 150 bp for A. pegreffii (Lanes A and B); 430, 
400, 320, and 150 bp for hybrid genotype (Lanes C-H); 430 and 400 bp for 
A. simplex s.s. (Lane I). 
Anisakis pegreffii is widely distributed in the south Atlantic and 
north Pacific (Abe et a!., 2005; Umehara et a!., 2006), as well as in 
the Mediterranean (Mattiucci et a!., 2004). However, the more 
variable population in the Mediterranean, and particularly in the 
western Mediterranean, means that it co-exists with A. simplex S.s. 
and, to a lesser extent, with A. physeteris, A. ziphidarum, and 
Anisakis sp. A (Abollo et a!. , 2003; Farjallah, Busi et a!. , 2008; 
Farjallah, Slimane et a!., 2008). 
The predominance of A. pegreffii in Sardinian waters may be 
explained by the greater distance from the Strait of Gibraltar, 
which is the only access to the Atlantic Ocean, when compared to 
other fishing areas such as the southern coast of Spain or the 
northern coast of Morocco, Both of those locations have more 
varied types of Anisakis spp. They are also considered to be the 
crossing points for the paratenic fish hosts of this nematode 
(Abollo et a!., 2003), In these areas, an exchange takes place 
between the "northern stock" and the " southern stock" of T 
trachurus. The former, which is preferential for A. simplex s.s., is 
mainly found on the Atlantic coasts, and the latter, preferential for 
A. pegreffii, is found in the central and western Mediterranean 
(Mattiucci et a!., 2008). This may partly explain the predominance 
of A. pegrejJii in Sardinian waters, This predominance is further 
confirmed by the high frequency of Tursiops truncatus, the main 
definitive host of A. pegreffii, in the Mediterranean (Mattiucci 
et a!., 2004; Mattiucci and Nascetti, 2006). In contrast, Physeter 
macrocephalus, the definitive preferential host of A. physeteris 
(Mattiucci and Nascetti, 2006), is definitely less abundant in this 
area and may explain the low frequency of this species of nematode. 
When one examines the fish host preferences of A. pegrejJii, the 
relative frequencies in Table I show a large presence in most of the 
species examined, but most A. pegreffii were found in T trachurus. 
The lowest relative frequency was recorded in M. merluccius 
(75.0%), but it had the highest frequency of heterozygote genotypes 
(25.0%). However, the fish host preferences of A. pegreffi in 
Sardinian waters generally reflect the results reported by Farjallah, 
Busi et a!. (2008), Farjallah, Slimane et a!. (2008), and by Mattiucci 
et a!. (2004, 2008). The same cannot be said for A. physeteris, 
because many authors reported that this nematode is mainly 
present in M. merluccius, S. scombrus, and T trachurus (Costa 
et a!., 2004; Mattiucci et a!., 2004, 2008; Mattiucci and Nascetti, 
2006; Valero et a!., 2006), whereas we found 6 of the 7 A. physeteris 
larvae in M. poutassou. The latter is a benthopelagic fish and 
different from epipelagic species such as S. scombrus, which are 
considered to be the preferential hosts of A. physeteris (Costa et a!., 
2004; Mattiucci et a!., 2004; Valero et a!. , 2006). In addition, as 
shown in Table II, this type of nematode was mainly found on the 
east and south coasts of Sardinia, which face the Thyrrenian Sea 
and Tunisia, respectively. In these places, Mattiucci et al. (2004, 
2008) and Farjallah, Slimane et a!. (2008) recorded the highest 
frequency of A. physeleris. 
Molecular analysis by PCR-RFLP and DNA sequencing found 
a significant number of hybrid genotypes. A different banding 
pattern, resulting from the "fusion" of typical bands of A. 
pegreffii and A. simplex s.s., was observed in 45 out of 552 larvae. 
This was confirmed by analysis of the electropherograms obtained 
through DNA sequencing. Typical polymorphisms, characterized 
by 2 overlapping CIT peaks in the ITS 1 region, were detected in 
position y252 and y 268 (GenBank accession No. HQ616675), and 
many authors have already reported similar findings on the 
Korean and Japanese coasts of the Pacific Ocean, on the Atlantic 
coasts of north Africa and Portugal, and on the Mediterranean 
coast of the Iberian peninsula (Abollo et a!., 2003; Martin-
Sanchez et a!., 2005; Umehara et a!., 2006; Farjallah, Busi et a!., 
2008; Farjallah, Slimane et aI., 2008; Lee et a!., 2009). A further 
polymorphism RSS2 (R = G/A) was also found in just I sequence, 
i.e., HQ616674. These mutations were also noticed in 5 sequences 
isolated by Skov et al. (2009) in Denmark. When the latter 
sequence is compared with the reference sequences of A. pegrefii 
(EU624343) and A. simplex s.S. (EU624342), the polymorphism 
R 552 does not seem to be the result of a recombination process 
between the 2 above-mentioned species, because guanine is always 
present in both genotypes in the same nucleotide position. 
There are sympatric zones in these geographical areas where A. 
pegreffii and A. simplex s.s. have been reported to coexist, and 
these areas are those where hybrids are more common (Abollo 
et aI., 2003; Martin-Sanchez et a!., 2005; Farjallah, Slimane et a!., 
2008). In contrast, only A. pegrejJii and no A. simplex S.S. , were 
found in the Sardinian sampling areas where the heterozygote 
genotypes were discovered. This difference may be because of the 
geographic position of Sardinia. The island is a great distance 
away from the Strait of Gibraltar and the coasts of the Iberian 
peninsula, which is where A. simplex s.s. is usually found. There 
could be 2 different reasons for this observation. Either the eggs 
of heterozygote genotypes are passively transported westward by 
plankton and drifts, or Sardinian coasts are on the migration 
routes of host species as Trachurus spp. and M. merluccius. The 
former explanation is more likely, as M. merluccius is a demersal 
species and does not migrate. 
The reason for the spread of hybrid genotypes in the Medi-
terranean is not yet clear. Most studies have been carried out in 
the western Mediterranean, and at present little is known about 
the diffusion of hybrids in the central and eastern Mediterra-
nean. There are also still some questions about the phylogenetic 
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distance and speciation about the genetic cluster of A. simplex 
sensu lato. Martin-Sanchez et aI. (2005) said that "when sym-
patric species have the opportunity to hybridize, they cannot be 
described as good species because they are not reproductively 
isolated." 
Farjallah, Slimane et aI. (2008) reported a low frequency (0.7%) 
for hybrid genotypes on Tunisian coasts, and Abollo et aI. (2003) 
found high values (16.7-33.3%) for these genotypes in the 
Alboran sea. Martin-Sanchez et aI. (2005) also found heterozy-
gote genotypes in M. poutassou from Motril Bay and along the 
Malaga coasts. 
In our work, the highest relative frequencies of heterozygotes 
were observed on the western and eastern coasts of Sardinia. The 
data are very similar to those of Abollo et aI. (2003) in the Alboran 
Sea, but the results are difficult to interpret, both because of the 
distance from Spanish coastal waters and because there are no 
specific epidemiologic studies on Tyrrhenian waters and Sardinian 
coasts. In any case, T. picturatus and M. merluccius were the fish 
species with very high relative frequency of hybrids. This differs 
from the results reported by Farjallah, Busi et aI. (2008) and 
Farjallah, Slimane et aI. (2008), who found that S. scombrus was 
the preferential fish species for this type of genotype. 
Scomber scombrus is a pelagic fish that migrates horizontally and 
seasonally, but in our study none of the samples contained hybrid 
genotypes. In addition there was no clear relationship between the 
host preferences of the hybrids and the migratory habits of the 
paratenic hosts. Hybrid worms were found both in nonmigratory 
fish, i.e., M. merluccius and E. encrasicolus, and in migratory ones, 
i.e., M poutassou and Trachurus spp., as described in Table I. 
However, there may be a relationship if only Trachurus spp. is 
considered. This fish is a common intermediate host of A. simplex 
s.s. and A. pegrejfii, and it is extremely vagile (Mattiucci et aI., 
1997, 2008). In addition, the lack of heterogeneity found in the 
present research (only 2 species of Anisakis spp. larvae found), and 
the great predominance of A. pegrejfii, strengthens the hypothesis 
that the biodiversity of the Anisakis population does not seem to be 
affected by the migratory habits of the fish hosts. It may be that the 
biodiversity of Anisakis spp. larvae in Sardinian waters is a result of 
the migratory routes of marine mammals such as T. truncatus and 
Stenella coeruleoalba, the preferential definitive hosts of A. pegrejfii 
and A. simplex s.s., respectively (Mattiucci et aI., 2004, Mattiucci 
and Nascetti, 2006). 
The hybrid genotypes show low genetic fitness in the definitive 
hosts (Abollo et aI., 2003; Umehara et aI., 2006). However, they 
could be carried as L3 larvae or eggs, ingested during the host's 
feeding in other Mediterranean areas, and then released in 
Sardinian waters. 
In conclusion, from the results of our study it is possible to 
suggest that: (1) the genus Anisakis shows low biodiversity because 
of the geographical position of Sardinia and is little influenced by 
the migratory routes of the intermediate hosts; (2) in an isolated 
marine ecosystem, different relationships develop between the 
intermediate hosts and the Anisakis spp. larvae, e.g., M. poutassou! 
A. physeteris; and (3) the presence of hybrid genotypes, in the 
absence of sympatric zones, may be explained by passive transport 
through plankton or drifts, and by the active intervention of 
cetaceans. The ecologic and epidemiologic data obtained in our 
studies may also contribute to our knowledge of the population 
dynamics of various fish species, especially when one considers the 
importance of Anisakis larvae as biological tags. 
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NORMAL AND ABERRANT MESOCESTOIDES TETRATHYRIDIA FROM CROCIDURA SPP. 
(SORICIMORPHA) IN CORSICA AND SPAIN 
David Bruce Conn*t, Maria-Teresa Galan-Puchades:j:, and Marius V. Fuentes 
*Department of Invertebrate Zoology, Museum of Comparative Zoology, Harvard University, Cambridge, Massachusetts 02138. e-mail: dbconn@fas, 
haruard.edu 
ABSTRACT: Tetrathyridia of Mesocestoides sp, were collected from the body cavities of the shrews (Insectivora), Crocidura russula, in 
Valencia, Spain and Crocidura suaveolens on the Mediterranean island of Corsica, France, Specimens were processed by routine 
microscopic and histological techniques, including examination with brightfie1d, phase-contrast, and differential-interference-contrast 
optics. Most tetrathyridia were clustered together inside host-derived fibrotic capsules, but some occurred free in the body cavity, All 
specimens examined from both locations had solid hind bodies, i.e" lacking a primary lacuna, thus conforming to the plerocercoid 
metacestode type; all possessed a single normal tetra-acetabulate scolex, All metacestodes from C. russula in Valencia were normal 
tetrathyridia, Those from C. suaveolens in Corsica were either normal tetrathyridia or had aberrant deep convolutions of an unusually 
elongated hindbody, No tetrathyridium from either location or host showed tegumental or excretory duct anomalies such as those 
reported by several authors from aberrant tetrathyridia and spargana in some other locations, No definitive evidence of asexual 
proliferation was visible in any of the tetrathyridia, but those with abnormally convoluted hind bodies from a single C. suaveolens in 
Corsica suggest the potential for asexuality by fission of the hindbody, These results add to our understanding of morphological and 
developmental variation among metacestodes in this widespread and variable genus, 
Species of Mesocestoides are very common tapeworms whose 
definitive hosts, which harbor the adults with their distinctive 
paruterine organ, are typically mammalian (Conn et aL, 1984), 
including humans (Fuentes et aL, 2003), but may also include avian 
species (Sanmartin et aL, 2004), The distinctive tetrathyridium 
metacestode stage has an even broader host range including many 
amphibian (McAllister et aL, 1995), reptilian (McAllister 
et aL, 1991), avian (Millan et aL, 2003), and mammalian (Hubbard 
et aL, 1993) species. Mesocestoides spp. are among the most 
widespread tapeworms, occurring in diverse locations throughout 
the mainland areas of North America (McAllister and Conn, 1990), 
Europe (Gouy de Bellocq et aL, 2003), Asia (Sato and Suzuki, 
2006), the Middle East (Mohsen and Hossein, 2009), and Africa 
(McAllister et aL, 1991). The dispersal potential of this genus across 
large expanses of water is seen clearly in its occurrence in large 
coastal and oceanic islands such as St. Lawrence Island (Rausch et 
aL, 1990), Newfoundland (Bridger et aL, 2009), Greenland (Kapel 
and Nansen, 1996), Iceland (Skirnisson et aL, 1993), Great Britain 
(Thompson, 1976), Papua New Guinea (Bursey et aL, 2005), and 
Japan (Sato and Suzuki, 2006). However, in a major study of 
helminths in the common rodent, Apodemus sylvaticus, in Europe, 
including several Mediterranean islands, Gouy de Bellocq et aL 
(2003) found Mesocestoides tetrathyridia in mainland populations 
but not in island populations. 
Adult Mesocestoides spp, have been reported from several species 
of definitive hosts in various parts of the Iberian Peninsula, including 
both avian raptors (Sanmartin et aL, 2004) and carnivorous 
mammals (Alvarez et aL, 1995; Calvete et aL, 1998; Torres et aL, 
2001; Segovia et aL, 2003; Millan and Casanova, 2007). Mesoces-
to ides sp, tetrathyridia have been reported in previous surveys to be 
parasites of various hosts in Spain, including birds (Millan et aI., 
2003), They have also been reported from rodents and soricimorphs 
in Spain, both on the mainland and on Mediterranean islands (Feliu 
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et aI., 1997; Mas-Coma et aI., 1998; Fuentes et aL, 2000; Torres et aL, 
2003; Fuentes, Saez, Tre1is, Galan-Puchades et aI., 2004; Fuentes et 
aL, 2005, 2009; Sainz-Elipe et aL, 2007; Conn et aL, 2010) as well as 
on Spain's Canary Islands in the Atlantic off the coast of North 
Africa (Foronda et aL, 2007). However, tetrathyridia may not be 
ubiquitous in small Iberian mammals, as they were not found to 
infect A, sylvaticus, a common small rodent, in recent detailed 
surveys in Portugal (Eira et aL, 2006) and the Sierra de Gredos 
region of Spain (Fuentes, Saez, Tre1is, Munoz-Atoli et aI., 2004). 
As part of our ongoing studies on helminths in Mediterranean 
ecosystems, we examined populations of 2 species of the shrew 
Crodicura (Mammalia: Insectivora) from 2 distant locations, i.e" 
Valencia, Spain on the Iberian mainland and the French 
Mediterranean island of Corsica, The present report relates our 
findings of Mesocestoides tetrathyridia at both locations, includ-
ing details of their morphological variations and aberrancies that 
may reflect other morphological types of these metacestodes in 
other regions of the world. 
MATERIALS AND METHODS 
A total of 141 C. suaveolens from Corsica and 45 C. russula from 
Valencia, Spain was trapped as part of a series of studies on the helminth 
fauna parasitizing small mammals (soricimorphs and rodents) in 
continental and insular Spain as well as in several Mediterranean islands 
(Fuentes et aI., 2000, 2009), For the extraction of helminths, and after 
collecting the data on each host animal (species identification, determi-
nation of sexual status, weighing, and morphometry), routine procedures, 
i,e" necropsy and examination of all organs, were performed. Helminths 
were removed and prepared using standard procedures, 
Tetrathyridia of Mesocestoides sp, occurring freely in the body cavity or 
tissue spaces, as well as host fibrous connective tissue masses containing 
tetrathyridia, were removed while still viable and active and fixed in 
neutral buffered formalin, in which they were stored until further 
processing, Fixed specimens were examined and some were photographed 
whole and unstained using an Olympus SZX-12 stereoscopic light 
microscope before further processing, 
Some formalin-fixed free tetrathyridia were prepared as whole mounts 
by rinsing in 70% ethanol, staining in acetocarmine, destaining-
differentiating in acidified 70% ethanol, dehydrating in an ethanol series, 
clearing in methyl salicylate, and mounting whole in gum damar on glass 
slides under coverslips, 
Other formalin-fixed tetrathyridia, both free and within host tissues, 
were prepared for histological examination by embedding in Paraplast® 
Plus wax medium (Sigma-Aldrich, St. Louis, Missouri), sectioning at 
10 )lm on a rotary microtome, mounting on glass slides, staining in Harris' 
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FIGURES 1- 6. Mesocestoides tetrathyridia from Crocidura russula from Valencia, Spain (1- 3) and Crocidura suaveolens from Corsica (4-6). (1) 
Normal tetrathyridia from the body cavity of C. russula under a dissecting microscope, The mass on the left consists of several tetrathyridia bound 
together by host fibrotic encapsulation. Four tetrathyridia on the right are free, (2) Free tetrathyridium from body cavity of C. russula , using a dissecting 
microscope showing normal morphology with scolex (S), solid hind body (H), and terminal excretory antrum (E). (3) Brightfield microscopy histological 
section of tetrathyridia joined as a cluster within individual host fibrotic capsules (C) in the body cavity of C. russula, Note normal morphology with 
tetra-acetabulate scolex (S) and solid hind bodies (H). (4) Histological section of tetrathyridia conjoined as a cluster within host fibrotic capsule (C) in C. 
suaveolens, showing normal morphology including a single tetra-acetabulate scolex (S) withdrawn into a deep invagination canal (I), a solid hindbody 
(H), and a posterior excretory antrum (E). (5) Histological section of mUltiple aberrant tetrathyridia encapsulated together within a single host fibrotic 
hematoxylin and eosin-Y, and mounting in gum damar. Whole mounts 
and histological sections were examined and photographed by brightfield 
and differential-interference-contrast microscopy using an Olympus 
Provis AX-70 compound light microscope (Olympus Corporation of the 
Americas, Center Valley, Pennsylvania). 
Voucher specimens of both whole mounts and histological sections were 
deposited in the Museum of Comparative Zoology at Harvard University. 
RESULTS 
Metacestodes conforming to the tetra-acetabulate plerocercoid, 
i.e., tetrathyridium, body type were collected from Crocidura spp. 
in 2 geographic locations (Corsica and Spain) and identified as 
tetrathyridia of Mesocestoides sp. Of all hosts examined, 23 C. 
suaveolens (16.3%) and 2 C. russula (4.44%) harbored tetrathyr-
idia in the body cavity and in various organs. Individual 
tetrathyridia occurred free in the body cavity or were clustered 
in groups joined by host connective tissue (Fig. 1). 
All metacestodes collected from the 2 infested C. russula in 
Valencia, Spain were typical Mesocestoides sp., each with a well-
developed tetra-acetabulate scolex and a solid hindbody with 
well-organized musculature, normal excretory ducts, and normal 
tegument (Figs. 1-3). Some tetrathyridia were free in the body 
cavity but most were encapsulated as clusters within host fibrotic 
capsules (Fig. I). Within each cluster, each tetrathyridium was 
typically contained within an individual fibrotic capsule (Fig. 3). 
Of the 23 C. suaveolens from Corsica, 22 contained tetrathyr-
idia of Mesocestoides sp. that were similar to those collected from 
C. russula in Spain, being normal in every respect and, in most 
cases, individually encapsulated (Fig. 4). However, 1 C. suaveo-
lens harbored tetrathyridia of Mesocestoides sp. that were 
aberrant; each possessed a normal scolex (Fig. 5), tegument, 
and excretory ducts but had deep convolutions in an unusually 
elongated hindbody (Fig. 6). In this host, some of the tetrathyr-
idia were individually encapsulated with capsules joined as a 
fibrotic cluster; some contained multiple aberrant tetrathyridia 
(Figs. 5, 6). 
No multiple scolices were present in any tetrathyridium in the 
present study, and no definitive evidence of any other form of 
asexual proliferation, e.g., external or endogenous hindbody 
budding, was apparent. 
DISCUSSION 
Asexual proliferation cannot be ruled out in the present case, 
but lack of asexual proliferation would be consistent with the 
normally non-proliferative nature of Mesocestoides spp. tetra-
thyridia (Conn, 1990; McAllister and Conn, 1990; McAllister 
et aI., 1992). It is important to note that aberrancy, such as that 
shown here for tetrathyridia from C. suaveolens in Corsica, is not 
necessarily associated with asexual proliferation. These aberran-
cies in the present study occurred only in the hindbody, while 
scolices remained normal. Conn and McAllister (1990) reported 
concomitant infections with normal and acephalic aberrant 
metacestodes in a snake in North America, but it was not clear 
whether those aberrant forms were asexually proliferative. 
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Asexual reproduction by tetrathyridia of Mesocestoides spp. is 
relatively uncommon but does occur in some cases by a variety of 
mechanisms (Conn, 1990; Galan-Puchades et aI., 2002). The 
highly folded hindbodies of tetrathyridia from a single C. 
suaveolens from Corsica in the present study demonstrate 
abnormal musculoparenchymal organization that suggests a 
potential for asexual proliferation by fission of the hindbody, 
such as that described for tetrathyridia (Barsanti et aI., 1979; 
Greve et aI., 1979; Bonfanti et aI., 2004; Eleni et aI., 2007; 
Wirtherle et aI., 2007; Conn et aI., 2010), spargana of 
diphyllobothriidean cestodes (Kuntz et aI., 1970; Beaver and 
Rolon, 1981; Beveridge et aI., 1998; Nobrega-Lee et aI., 2007), 
and unidentified metacestodes (McFarlane et aI., 1994) infecting 
other hosts in many parts of the world. 
The disorganized musculoparenchyma in the abnormally 
elongated hindbodies of aberrant tetrathyridia observed here 
requires further study. Hindbody parenchyma was shown to be a 
major differentiating characteristic of asexual versus sexual tetra-
thyridia by Conn et al. (2002). Furthermore, extensive elongation of 
the hindbody, accompanied by musculoparenchymal disorganiza-
tion and anomalous interactions of the excretory and tegumental 
epithelia, were shown recently to characterize some asexually 
proliferative tetrathyridia (Conn et aI., 2010). Much remains to be 
learned about the developmental role of musculoparenchyma in 
cestodes (Conn, 1993,2005), but disorganized musculoparenchyma 
has long been associated with asexual proliferation in aberrant 
spargana (Noya et aI., 1992), and the musculoparenchyma appears 
to playa role in morphogenesis of Mesocestoides lineatus during 
adult development (Conn, 1988b). 
No asexual proliferation comparable to that of Mesocestoides 
vogae, i.e., with fully formed, but dividing, scolices was seen in the 
present study and has not been documented in natural infections 
of any host outside western North America. This sort of 
proliferation by fission of the scolex (Hess, 1980; Conn, 1986, 
1988a) is rare in nature, even in North America (McAllister and 
Conn, 1990). Natural infections of M. vogae appear to be 
geographically confined to the western coastal region of North 
America, especially in California, where acephalic proliferative 
tetrathyridia of undetermined Mesocestoides sp. also occur 
(Caruso et aI., 2003). However, though rare in nature, cultures 
of M. vogae tetrathyridia have been transported to, and studied 
extensively in, laboratories around the world because of their 
easy propagation in laboratory rodents (Conn and Etges, 1983; 
Williams and Conn, 1985; Conn, 1990; Etges, 1991). 
In the present study, the occurrence of multiple aberrant 
tetrathyridia within individual host capsules, compared with only 
single normal tetrathyridia within individual host capsules, may 
suggest asexual proliferation of the aberrant forms, though 
multiple encapsulations of non-proliferative forms may also 
occur. Further detailed examination of tetrathyridia from around 
the world should be undertaken to seek other examples of these, 
and other, forms of asexual proliferation as well as other 
anomalies that might constitute aberrancy leading to potential 
proliferation, as suggested by Conn et al. (2010). 
capsule (C) of C. suaveolens, showing normal scolex (S) and invagination canal (I), and anterior part of elongated folded hindbody (H). (6) Histological 
section of aberrant tetrathyridia within host fibrotic capsules (C) of C. suaveolens, showing deep convolutions and musculoparenchymal disorganization 
in the abnormally elongated hindbodies (H). 
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It is likely that Mesocestoides spp. tetrathyridia are common 
among Crocidura spp. throughout the Iberian Peninsula, as well 
as surrounding areas, as they have been found to infect C. russula 
in the Spain's Serra Calderona (Fuentes et ai., 2005), in C. russula 
from Valencia, Spain, and in C. suaveolens from the French 
Mediterranean Island of Corsica in the present study. Further 
surveys throughout Europe should pay special attention to 
determining the distribution of Mesocestoides spp. tetrathyridia 
in a wide range of hosts. In particular, attention to aberrant 
development such as that reported here, and the occurrence 
of asexual proliferation, should be a major focus, especially 
considering numerous recent clinical cases of proliferative 
tetrathyridiosis in dogs and cats in Germany (Wirtherle et ai., 
2007), Italy (Bonfanti et ai., 2004; Venco et ai., 2005; Eleni et ai., 
2007), and Turkey (Toplu et ai., 2004). Also, though not 
confirmed taxonomically, cases of fatal proliferative cestodiases 
in dogs and cats were tentatively identified as acephalic 
tetrathyridia in other areas of Europe dating from more than 
a century ago (Neumann,. 1896; Sendrail and Cuille, 1906; 
Ssolonitzin, 1933). The apparent increase of proliferative tetra-
thyridiosis in various European hosts in recent years may be a 
result of better diagnosis or reporting, rather than of an actual 
increase in the prevalence of these parasites. Nevertheless, as this 
could be an emerging veterinary and potentially zoonotic disease, 
we recommend that veterinary and medical scientists increase 
vigilance and publication of any such cases so that the actual 
prevalence and associated health threats from proliferative 
tetrathyridiosis can be ascertained. 
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NEW MACRODEROIDES (DIGENEA: MACRODEROIDIDAE) FROM FLORIDA GAR, WITH 
MOLECULAR PHYLOGENY OF THE GENUS 
Vasyl V. Tkach and John M. Kinsella* 
Department of Biology, University of North Dakota, 10 Cornell Street, Grand Forks, North Dakota 58202. e-mail: vasyl.tkach@und.edu 
ABSTRACT: Macroderoides minutus n. sp, is described based on specimens collected from the Florida gar (Lepisosteus platyrhincus) 
from Orange Lake, Alachua County, Florida, The new species is the ninth recognized species of Macroderoides and is morphologically 
closest to Macroderoides flavus and Macroderoides typicus. It differs from both species in having a smaller body, ventral sucker larger 
than the oral sucker, substantially lower body length to width ratio, fewer and larger eggs, and other characters. A comparison of 
sequences of nuclear rDNA (partial 18S, complete ITS region, and partial 28S) of the new species, with sequences of 5 other 
Macroderoides, convincingly supports the status of M. minutus as a new species. Molecular phylogenetic analysis, including all North 
American Macroderoides species except for Macroderoides parvus, has demonstrated the presence of 2 distinct clades, I including 
Macroderoides spinifer + (Macroderoides minutus n. sp. + Macroderoides texan us) and the other including Macroderoides trilobatus + 
(M. typicus + M. jlavus). The tree topology suggests that the similarity in body proportions among M. minutus n. sp., M. typicus + M. 
flavus is not a result of close phylogenetic relationship. It has also revealed for the first time the phylogenetic affinities of M. flavus, 
which is the only North American member of Macroderoides that switched from holostean fishes to teleosts. 
Macroderoides Pearse, 1924 (Digenea: Macroderoididae) in-
cludes 8 species of plagiorchoid digeneans parasitic in fish. Prior 
to this study, Macroderoides was represented by 6 species in 
North America, namely Macroderoides typicus (Winfield, 1929), 
Macroderoides spiniferus Pearse, 1924, Macroderoides trilobatus 
Tyler, 1978, Macroderoides parvus (Hunter, 1931), Macroderoides 
flavus (Van Cleave and Mueller, 1932), Macroderoides texanus 
Tkach, Strand, and Froese, 2008, and 2 in India, i.e., Macro-
deroides seenghali (Gupta and Agrawal, 1968), and Macroderoides 
raychaudhurii (Agarwal and Kumar, 1983). In North America, 
Macroderoides spp. are mostly found in bowfin (Amia calva 
Linnaeus, 1766) and various species of gar (Lepisosteus Lacepede, 
1803; Atractosteus Rafinesque, 1820). Exceptionally, M. jlavus is 
a parasite of pickerel (Esox Linnaeus, 1758). In the present study, 
we describe a new species of Macroderoides found in Florida gar 
(Lepisosteus platyrhincus DeKay, 1842) near Gainesville, Florida, 
based on morphological and molecular characters; we also discuss 
host specificity of Macroderoides species and present a molecular 
phylogenetic analysis of 6 North American representatives of the 
genus. 
MATERIALS AND METHODS 
Two specimens of a new digenean species belonging to Macroderoides 
were collected, along with other parasitic worms, from the intestine of a 
Florida gar (L. platyrhincus) caught in September 2003 in Orange Lake, 
Alachua County, Florida. Live worms were rinsed in saline, briefly 
examined prior to fixation, killed with hot water, and fixed in 70% ethanol 
suitable for both morphological and molecular study. One of these 
specimens was stained with aqueous alum carmine, dehydrated in a graded 
ethanol series, cleared in clove oil, and mounted permanently in Damar 
gum. Measurements were obtained using a DIC-equipped compound 
Olympus BX-51 microscope using Rincon software (v. 7.1.2, Imaging 
Planet, Goleta, California). All measurements are in micrometers. 
The type specimens of the new species and voucher specimens of 2 other 
Macroderoides species sequenced in this study were submitted to the U.S. 
National Parasite Collection (Beltsville, Maryland) under accession 
numbers USNPC 104273 (M. minutus n. sp.; 1 slide), USNPC 104582 
(M. flavus; 4 slides), and USNPC 104583-104584 (M. typicus; 6 slides). 
For comparison among species, all available type specimens of members 
of Macroderoides were examined from the U. S. National Parasite 
Received 20 November 2010; revised 18 March 2011; accepted 18 March 
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Collection (USNPC): M. spiniferus (USNPC 007619.00, holotype), M. 
jlavus (USNPC 008561.01, syntypes), M. trilobatus (USNPC 074618.00, 
holotype), M. parvus (USNPC 008580.01-02 and 008581.01-02, syntypes), 
and M. texan us (USNPC 100857, holotype; USNPC 100858, paratypes). 
Type specimens of M. typicus were not designated at the time of 
description and could not be located. 
Genomic DNA for comparative molecular analysis was obtained from 1 
specimen of the new species as well as from 2 specimens of M. typicus from 
a Florida gar (L. platyrhincus), 2 specimens of M. typicus from a bowfin 
(A. calva), both from Orange Lake, Alachua County, Florida in Septem-
ber 2003. DNA was also extracted from I specimen of M. flavus collected 
by Dr. Stephen Curran from chain pickerel (Esox niger Lesueur, 1818) in 
Connecticut. DNA was isolated according to Tkach and Pawlowski 
(1999). A single adult worm was used for each DNA extraction upon 
preliminary morphological identification. DNA fragments of approxi-
mately 2,450-2,700 base pairs (in different species) and spanning a short 
fragment at the 3' end of the 18S nuclear rDNA gene, internal transcribed 
spacer region (ITSl+5.8S+ITS2), and about 1,300 base pairs at the 5' end 
of the 28S gene (including variable domains DI-D3) were amplified by 
PCR on an Eppendorf Master Gradient thermal cycler using forward 
primer ml8f (5' - GA TTGAATGGTTTAGGAAGG -3 '), designed for the 
Macroderoididae, and reverse primer 1500R (5'- GCTATCCTGAGG-
GAAACTTCG -3'). PCR primers and several internal primers were used 
in sequencing reactions. Internal forward primers: digl2 (5' -AAGCA-
T ATCACTAAGCGG-3'), 300F (5' -CAAGT ACCGTGAGGGAAAG-
TTG-3'), 900F (5' -CCGTCTTGAAACACGGACCAAG-3'); internal 
reverse primers: 300R (5'-CAACTTTCCCTCACGGTACTTG-3'), digl2r 
(5'-CCGCTTAGTGATATGCTT-3'), ECD2 (5'-CTTGGTCCGTGTTT-
CAAGACGGG-3'). PCR reactions were performed according to the 
protocol described by Tkach et al. (2003). 
PCR products were purified using Qiagen QiaquickTM (Qiagen, Valencia, 
California) columns and cycle-sequenced directly using ABI BigDye™ 
(Applied Biosystems, Foster City, California) chemistry, alcohol-precipitated, 
and run on an ABI Prism 3100™ automated capillary sequencer 
(Applied Biosystems). Contiguous sequences were assembled and edited 
using Sequencher™ (GeneCodes Corp., ver. 4.1.4) and submitted to the 
GenBank under accession numbers HQ680846-HQ680849 (M. typicus), 
HQ680850 (M. minutus n. sp.), and HQ680851 (M. flavus). 
Previously published sequences of M. texanus (EU850398, EU850399), 
M. spiniferus (EU850400-EU850405), and M. trilobatus (EU850406-
EU85041O) were used (Tkach et aI., 2008, 2010; Table I). A sequence 
of Paramacroderoides kinsellai Tkach, Pulis, and Overstreet, 2010 
(HMI37661-HMI37662) was used as an outgroup because Paramacro-
deroides is morphologically the closest genus to Macroderoides. A 
preliminary analysis of currently available sequences of plagiorchoid 
digeneans has also confirmed that this is the closest currently sequenced 
group to Macroderoides. Only a single Paramacroderoides species has been 
sequenced so far; therefore, we used only a single taxon as an outgroup. 
Inclusion of sequences of more distant taxa would result in the loss of 
informative sites in the alignment and a corresponding loss of resolution 
of the analysis. Sequences of 6 Macroderoides species and a sequence of 
P. kinsellai were initially aligned using Clustal W, as implemented in the 
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TABLE 1. Number of variable sites based on pairwise sequence comparison of the ITS I region (above diagonal) and 5.8S gene (below diagonal) of nuclear 
ribosomal DNA among Macroderoides minutus n. sp. and 5 other Macroderoides species. Long indel regions in the ITSI were not included 
in calculations. 
Macroderoides minutus n. sp. 
Macroderoides spiniferus 
Macroderoides texanus 
Macroderoides trilobatus 
Macroderoides typicus 
Macroderoides flavus 
M. minutus n. sp. 
o 
o 
o 
2 
2 
M. spiniferus 
24 
o 
o 
2 
2 
I 
BioEdit program, version 7.0.1 (Hall, 1999) and were manually refined 
using BioEdit. A maximum likelihood (ML) analysis was performed using 
PAUP* ver. 4.0blO (Swofford, 2002). Nodal support was calculated based 
on 1,000 bootstrap replicates with 100 replicates at each step. 
DESCRIPTION 
Macroderoides minutus n. sp. 
(Fig. 1) 
Diagnosis: Body almost oval, narrowing at both ends, 627 long X 217 
wide; body width measured at level of ventral sucker. Body length to width 
ratio 2.9:1. Tegument heavily armed with spines; tegumental spines 
becoming smaller and more sparse toward posterior end of body. Oral 
sucker subterminal, 60 x 74, much smaller than the ventral sucker. Ventral 
sucker 92 X 100, situated in middle third of body, distance from center of 
ventral sucker to anterior body end 290. Prepharynx 46 long, somewhat 
shorter than esophagus. Pharynx relatively large, thick-walled, muscular, 53 
X 56. Esophagus 58 long, cecal bifurcation 220 from anterior end of body. 
Testes rounded, intercecal, in mid-hindbody, slightly oblique, almost 
tandem; anterior testis 87 X 68; posterior testis 84 X 83; testes are situated 
very closely to each other. Cirrus sac comma-shaped, 142 X 41, mostly 
overlapped by ventral sucker, with cirrus sac base slightly extending 
beyond the left margin of ventral sucker. Cirrus sac containing bipartite 
seminal vesicle, ejaculatory duct, and prostatic cells; evaginated cirrus not 
observed. Genital pore median, immediately anterior to ventral sucker, 
227 from anterior end of body. 
Ovary pretesticular, submedian, somewhat elongated transversally, 56 X 
63, at posterior margin of ventral sucker. Anterior margin of ovary is 
overlapped by ventral sucker. Ovary is almost at the same level with anterior 
testis and very close to it. Seminal receptacle 23 X 31, overlapped with the 
anterior part of ovary. Ootype just posterior to seminal receptacle and ventral 
to ovary. Laurer's canal not observed. Numerous small vitelline follicles 
arranged in 2 lateral fields. Vitelline fields beginning in level of posterior 
margin of ventral sucker and ending at level of posterior margin of posterior 
testis, extending deeply into interceca1 field, but not merging. Left vitelline field 
ends 115 from the posterior end of body and right vitelline field ends 143 from 
posterior end of body. Uterus consisting of somewhat winding descending and 
ascending arms, occupying much of the postacetabular portion of the body, 
overlapping ovary, testes, and cirrus sac ventrally, and opening into genital 
atrium near the male genital pore. Metraterm not obvious. Eggs few (18 total), 
very large, 54-55 X 24-25. Excretory pore terminal; excretory bladder 1-
shaped; distal end of the excretory bladder not observed. 
M. texanus M. trilobatus M. typicus M. flavus 
31 70 85 89 
30 87 82 75 
0 94 87 71 
2 0 58 54 
2 2 0 23 
I I 0 
Taxonomic summary 
Type host: Florida gar, Lepisosteus platyrhincus DeKay, 1842. 
Site of infection: Small intestine. 
Type locality: Orange Lake, Alachua County, Florida (29°28'46"N, 
82°9' 43"W). 
Holotype deposited: USNPC 104273. 
Etymology: The new species is the smallest known species of 
Macroderoides; the specific epithet reflects its miniature size. 
Remarks 
Morphological data: Based on the combination of morphological features 
such as the slightly oblique testes, a pretesticular ovary, a well-developed 
cirrus-sac containing a bipartite internal seminal vesicle, vitelline follicles 
arranged in 2 lateral fields, an I-shaped excretory bladder, and dense 
cuticular spination, the new species is fully consistent with the diagnosis 
of the Macroderoididae McMullen, 1937. The subterminal, regular (vs. 
terminal, funnel-shaped in Paramacroderoides) oral sucker places the new 
species in Macroderoides Pearse, 1924. 
Macroderoides minutus n. sp. can be easily differentiated from pre-
viously known members of the genus based on a number of morphological 
features. The new species is the smallest of all Macroderoides. It differs 
from all other North American Macroderoides in having a much larger 
ventral sucker. The only other species in which the ventral sucker may be 
slightly larger than the oral one, M. spiniferus, has the ventral sucker 
situated in the anterior quarter of the body, while in the new species it is in 
the middle third of the body. 
Despite being the smallest of all known Macroderoides species, M. 
minutus has the largest eggs. In addition, it differs from M. spiniferus, M 
trilobatus, and M. texanus in the arrangement of gonads, which are 
situated tandemly in these species, while in the new species the ovary is 
almost opposite to the anterior testis. 
The new species is morphologically most similar to M. typicus and M. 
flavus. In addition to the above-mentioned differences, M. minutus n. sp. 
differs from both species in body proportions and a much lower body 
length:width ratio. The length:width ratio in the new species is 2.9:1 while 
the average length:width ratio in M. typicus is 5:1 and in M. flavus is 4.6:1. 
Another small Macroderoides species, M parvus, has an even greater body 
length:width ratio of 9:1. Additionally, the new species also differs from 
M. flavus in the relative size of the cirrus sac. In M. minutus, it is almost 
entirely overlapped by the oral sucker and does not extend beyond the 
ventral sucker posteriorly while in M. flavus, the cirrus sac extends 
posteriorly well beyond the ventral sucker. Macroderoides minutus differs 
TABLE II. Number of variable sites based on pairwise sequence comparison of the ITS2 region (above diagonal) and about 1,350 bases at the 5' end of 
28S gene (below diagonal) of nuclear ribosomal DNA among Macroderoides minutus n. sp. and 5 other Macroderoides species. 
M. minutus n. sp. M. spiniferus M texanus M trilobatus M. typicus M. flavus 
Macroderoides minutus n. sp. 0 4 4 21 17 24 
Macroderoides spiniferus 9 0 6 21 17 23 
Macroderoides texanus 3 10 0 21 17 22 
Macroderoides trilobatus 32 30 33 0 6 11 
Macroderoides typicus 41 45 42 27 0 7 
Macroderoides flavus 4S 47 46 29 20 0 
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FIGURE I. Macroderoides minutus n. sp. Ventral view of holotype. Scale 
bar = 200 !lm. 
from M. typicus in having a well-defined prepharynx, while in M. typicus it 
is indistinct. 
Molecular data: The sequenced contiguous fragment encompassed the 
3' end of 18S nuclear rDNA gene, internal transcribed spacer region 
(lTSI+5.8S+JTS2), and about 1,350 bp of the 5' end of the 28S gene. 
According to currently available information (for review and references, 
see Nolan and Cribb, 2005; Olson and Tkach, 2005; Tkach and Snyder, 
2008; Parker et aI., 20 I 0), these regions, especially the highly variable 
ITSI, are suitable for differentiation of congeneric digenean species. The 
region sequenced and used by us for species differentiation and phylo-
genetic analysis varied from 2,421 bp in M. trilobatus to 2,747 bp in M. 
minutus n. sp. Interestingly, sequence length in Paramacroderoides kinsel/ai 
was only 2,367 bp long, shorter than in any of the Macroderoides. The 
substantial length difference was mainly due to the presence of indels of 
different length in the ITSI region. Pairwise sequence variability among 
studied Macroderoides species is presented in Tables I and II. Macro-
deroides minutus demonstrates a significant level of genetic differences 
from other species, consistent with its status as a new species. These 
differences are substantial among the new species and the 2 morpholog-
ically closest species, M. typicus and M. jlavus. In fact, the new species 
shows the greatest number of genetic differences with the morphologically 
most-similar species, M. typicus and M. jlavus (Tables J, II). Macroder-
oides minutus and M. typicus differed in 145 sites across all sequenced 
regions, while the new species and M. jlavus differed in 159 sites. In 
contrast, difference between the new species and the morphologically very 
different M. spiniferus was only 39 bases. These numbers do not include 
very large differences in the above-mentioned indel regions. If those regions 
were considered, the differences would be far greater. As demonstrated by 
our phylogenetic analysis (see below), M. typicus and M. jlavus belong to a 
different phylogenetic lineage than M. minutus n. sp. Thus, molecular data 
strongly support results of morphological analysis and confirm the status of 
M. minutus as a new species. 
We could not obtain fresh specimens of M. parvus for a molecular com-
parison with M. minutus. However, morphological differences between the 2 
species are so substantial that lacking a sequence of M. parvus does not affect 
the above conclusion on the status of M. minutus as an independent species. 
DISCUSSION 
Unfortunately, we did not have an opportunity to collect again 
in the same locality or even in a broader area, although it is rather 
certain that additional specimens of this species can be found there. 
We did not find this digenean in bowfin from the same locality, nor 
in several species of gar (short-nosed gar, long-nosed gar, spotted 
gar, alligator gar) or, bowfin examined by the first author and our 
collaborators in Mississippi, Louisiana, Tennessee, and Texas. It 
would be, however, premature to speculate on the host specificity 
or geographic distribution of this species due to very limited data. 
The new species is the smallest known species of Macroderoides. 
The second specimen used for DNA extract was identical to the 
holotype in morphology and size and was easy to differentiate 
using a dissecting microscope from all other macroderoidids 
found in the same gar. 
Some morphological features of Macroderoides minutus should 
be added to the most recent diagnosis of Macroderoides provided 
by Font and Lotz (2008). Among them, the ventral sucker is 
situated in the middle of the body (vs. anterior half of body in the 
current diagnosis) and there is a relatively long prepharynx (vs. 
short prepharynx in the current diagnosis). 
Recently, Tkach et al. (2010) transferred 2 Indian species formerly 
included in Paramacroderoides, namely P. seenghali and P. 
raychaudhurii (Gupta and Agrawal, 1968; Agarwal and Kumar, 
1983) parasitic in bagrid catfishes (Actinopterygii, Siluriformes), into 
Macroderoides. At the same time, Tkach et al. (2010) noted that 
that the systematic position of these 2 species may change in the 
future when specimens for molecular analysis become available. 
P. kinsel/ai 
100 I M. spinifer 
I 99 M. minutus n.sp. 
100 I M. texanus 
100 I M. tri/obatus 
I 100 I M. typicus 
I M. flavus 
FIGURE 2. Phylogenetic relationships among Macroderoides spp. 
Numbers above nodes show bootstrap support from maximum likelihood 
analysis in PAUP* (1,000 bootstraps with 100 replicates at each step). 
Unfortunately, such specimens, or even morphological materials, 
remain unavailable and the question of potential occurrence of 
Macroderoides spp. on more than 1 continent cannot be answered at 
this point. 
We found 5 macroderoidid species in the same specimen of the 
Florida gar that yielded the new species, i.e., M minutus n. sp., M. 
trilobatus, P. kinsellai, M. typicus, and M spinifer. Bowfin from the 
same locality had 3 species, M trilobatus, M. typicus, and M. 
spinifer. Multiple specimens of each species, other than M minutus, 
have been sequenced and no intraspecific variability was detected. 
Overall, the number of Macroderoides and Paramacroderoides 
reported from Florida is higher than that from any other region. 
The molecular phylogenetic analysis, based on the complete ITS 
and partial 28S regions of the nuclear ribosomal DNA (Fig. 2), 
produced a tree with 99-100% bootstrap support of all branches. It 
demonstrated that the 6 studied species of Macroderoides form 2 
distinct clades, 1 including M. spinifer + (M minutus n. sp. + M 
texanus) and the other including M. trilobatus + (M. typicus + M. 
flavus). An important result of the phylogenetic analysis is revealing 
the relationships of M flavus with other members of the genus. The 
latter species is specific to pickerel (Esox sp.) and is the only North 
American member of Macroderoides parasitic in teleost fishes. 
Moreover, considering the provisional placement of the 2 Indian 
species, M seenghali and M raychaudhurii into Macroderoides, M 
flavus is most probably the only member of the genus that switched 
from holostean hosts to teleosts. Albeit incomplete, our phylogeny 
suggests that this was a relatively recent evolutionary event. Rela-
tively limited geographic distribution and host range of M. flavus 
indirectly support this conclusion. Similarity in body shape and 
morpho-anatomy between M. flavus and M. typicus supports 
results of the molecular phylogenetic analysis. On the other hand, 
generally similar body shape among M minutus and the members 
of the M. typicus + M flavus clade is probably a result of 
convergent evolution, as much as the term can be applied to 
relatively closely related congeneric species. As shown above, M. 
minutus demonstrates substantial morphological differences from 
both M typicus and M flavus. 
Each of the 2 main clades of the phylogenetic tree includes a larger 
M acroderoides species representing a sister group to a pair of smaller 
species. Thus, M spinifer and M trilobatus are larger in size than the 
remaining species in their clades. This may suggest a tendency to 
progressive reduction of the body size in the evolution of this genus. 
Besides, the same larger species in each of the clades (M. spinifer and 
M trilobatus) have shorter sequences of the studied DNA region 
than do the remaining Macroderoides species. Moreover, the 
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sequence of the P. kinsellai used here as an outgroup is shorter 
than sequences of any ingroup species. This allows us to suggest that 
the long fragments in the ITSI responsible for the substantial 
sequence length difference among Macroderoides species are 
insertions that accumulated as the result of a mutation process. 
Inclusion of additional species of Macroderoides and Para-
macroderoides, as well as representatives of other genera currently 
included in the Macroderoididae, in future phylogenetic analyses 
will clarify interrelationships among members of this interesting, 
but still poorly understood group of digeneans. 
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TWO NEW TRYPANOSOMA SPECIES FROM AFRICAN BIRDS, WITH NOTES ON THE 
TAXONOMY OF AVIAN TRYPANOSOMES 
Gediminas ValkiUnas, Tatjana A. lezhova, Jenny S. Carlson*, and Ravinder N. M. Sehgal* 
Institute of Ecology, Nature Research Centre, Akademijos 2, LT-08412 Vilnius, Lithuania. e-mail: gedvalk@ekoi.lt 
ABSTRACT: Trypanosoma anguiformis n. sp. and Trypanosoma polygranularis n. sp. are described from the African olive sunbird, 
Cyanomitra olivacea, and Latham's forest francolin, Francolinus lathami, respectively, based on the morphology of their hematozoic 
trypomastigotes and partial sequences of the small subunit ribosomal RNA gene. Both new species belong to the group of small non-
striated avian trypanosomes «30 Ilm in length on average) with the kinetoplast situated close to the posterior end of the body. 
Trypanosoma anguiformis can be readily distinguished from other small avian trypanosomes due to its markedly attenuated (snake-
shaped) form of the hematozoic trypomastigotes and the dumbbell-shaped nucleus of the parasite. Trypanosoma polygranularis is 
readily distinguishable due to the markedly off-center (anteriorly) located nucleus, numerous azurophilic granules that are arranged in 
a line following the undulating membrane, and the large kinetoplast (with an area up to 1.7 Ilm2 [Ullm2 on averageD. Illustrations of 
hematozoic trypomastigotes of the new species are given, and DNA lineages associated with these parasites are reported. The current 
situation in species taxonomy of avian trypanosomes is discussed. We call for the redescription of valid species of avian trypanosomes 
from their type vertebrate hosts and type localities by using morphological and polymerase chain reaction-based techniques as an 
initial essential step towards revising the species composition of avian trypanosomes and reconstructing the taxonomy of these 
organisms. 
Species of avian Trypanosoma (Kinetoplastida: Trypanosomat-
idae) are surprisingly successful blood parasites that are 
widespread and prevalent in birds throughout the world (Bishop 
and Bennett, 1992). They are perfectly adapted for transmission 
in various terrestrial ecosystems, including oceanic islands and 
countries with cold climates where avian hosts and blood-sucking 
arthropod vectors are present (Baker, 1976; Bennett, Siikamiiki 
et aI., 1994; Holmstad et aI., 2003; Valkiunas, 2005; Deviche et aI., 
2010). Avian trypanosomes are transmitted by wide variety of 
blood-sucking arthropods belonging to the Simuliidae, Culicidae, 
Ceratopogonidae, Hippoboscidae, and Dermanyssidae (Baker, 
1976; Molyneux, 1977; Miltgen and Landau, 1982; Votypka and 
Svobodova, 2004). The same strains and lineages oftrypanosomes 
can successfully develop in numerous species of phylogenetically 
distant avian hosts belonging to different families and even orders 
(Bennett, 1961; Apanius, 1991; Sehgal et aI., 2001), The 
mechanisms of broad ecological plasticity of avian trypanosomes 
remain insufficiently investigated, Due to regular seasonal 
transcontinental migrations, this host-parasite system might 
provide new insight to study mechanisms of ecological plasticity, 
specificity, and speciation in parasitic kinetoplastids and thus 
warrants the attention of parasitologists and evolutionary 
biologists. 
In spite of extensive research over a 120-yr period, the 
taxonomy of avian trypanosomes has been surprisingly poorly 
developed; this is an obstacle for further fundamental studies in 
this field of wildlife parasitology. More than 100 species of avian 
Trypanosoma have been named and described, mainly based on 
morphological features of hematozoic trypomastigotes, i.e., so-
called bloodstream forms (Baker, 1976; Bennett, Earle et aI., 
1994). Many Trypanosoma species were insufficiently illustrated 
and described in early publications, making it difficult or even 
impossible to use the majority of original descriptions for species 
identification and morphological comparison. In addition, early 
original descriptions are based on the belief that the parasites are 
strictly vertebrate-host specific, frequently on the level of species 
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of birds, but this was shown to be incorrect by later experimental 
and molecular studies (Bennett, 1961, 1970; Chatterjee and Ray, 
1971; Fallis et aI., 1973; Molyneux and Gordon, 1975; Sehgal et aI., 
2001; VotyPka and Svobodova, 2004; but see also Molyneux, 
1973a), The majority of species names of avian trypanosomes are 
provisional and are of doubtful application and thus should be 
considered as nomina dubia and necessitate future clarification; 
this is the unanimous opinion in the current taxonomy (see Baker, 
1976; Apanius, 1991; Bennett, Siikamiiki et aI., 1994; Votypka 
et aI., 2002). 
Morphological evidence suggests the existence of numerous 
species of avian trypanosomes (Baker, 1976; KuCera, 1986; 
. Bennett, Earle et aI., 1994); this is in accordance with the current 
limited information on the ultrastructure, biochemistry, immu-
nology, and molecular phylogeny of avian trypanosomes (Moly-
neux and Gordon, 1975; Kirkpatrick et aI., 1986; Sehgal et aI., 
2001; Votypka et aI., 2002, 2004; Sehgal et aI., 2006). However, 
many existing species and the species limits remain unclear even in 
relatively well-investigated host-parasite systems, For example, 
large trypomastigotes of Trypanosoma avium and Trypanosoma 
corvi (both are indistinguishable using light microscopy and 
usually are attributed to the T. avium group) parasitize the rook, 
Corvus frugilegus, and are sympatric in some European countries 
(Baker, 1976; Votypka et aI., 2004); they are examples of sibling 
species in the T. avium group that might consist of numerous 
parasites species (Bennett, Siikamiiki et aI., 1994), These 
organisms can be distinguished based on DNA sequences, the 
ultrastructure of their kinetoplast, vector preference, and some 
other features. It is possible that complexes of related (sibling) 
species are described under the many available Trypanosoma 
names (Baker, 1976; Bennett, Earle et aI., 1994). 
Experimental studies show that many Trypanosoma species can 
be readily distinguished using morphological and morphometric 
characters during co-infections (Molyneux and Gordon, 1975). 
Being morphologically variable (particularly during development 
in vectors and in the early morphogenesis of metacyclic forms 
in birds), fully grown hematozoic trypomastigotes are relatively 
conservative in their gross morphology, i.e., body shape, limits of 
body size, position and morphology of kinetoplast, morpholog-
ical features of the flagellum and undulating membrane, and 
morphometric indexes. Importantly, the main morphological 
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features of certain species remain the same during their 
development in different experimentally infected avian hosts 
(Baker, 1956, 1976; Bennett, 1961; Chatterjee and Ray, 1971; 
Fallis et aI., 1973; Molyneux, 1973a; Votypka and Svobodova, 
2004). For example, hematozoic trypomastigotes of T. everetti 
never assume forms typical of T. avium or Trypanosoma bouffardi 
during single and simultaneous experimental infections and, on 
the contrary, remain identifiable (Molyneux and Gordon, 1975). 
These experiments show that, despite some morphometric 
variations during development of the same Trypanosoma strains 
in different avian hosts, the gross morphological features of 
hematozoic trypomastigotes are relatively stable and thus can be 
used to recognize new readily distinguishable morphotypes that 
might be new parasite species or groups of species. Identification 
of such complexes of species is an important step in developing 
the taxonomy of avian trypanosomes. Trypanosoma everetti is a 
well-known example of a species that was described solely based 
on morphological and morphometric characters (Molyneux, 
1973b). 
During recent studies on the effects of deforestation on the 
prevalence of blood pathogens in African rain forest birds (see 
Bonneaud et aI., 2009; Chasar et aI., 2009; Iezhova et aI., 2010; 
Loiseau et aI., 2010; Sehgal et aI., 2010), large numbers of blood 
samples were collected from > 100 species of birds. The overall 
prevalence of trypanosomes exceeded 30% after microscopic 
examination of blood films; parasites of T. avium and T. everetti 
groups predominated in our samples (Valkiunas, pers. obs.). Two 
clearly distinguishable morphotypes of previously undescribed 
species of Trypanosoma were found during this study. These 
parasites are named and described here by using data on the 
morphology of their hematozoic trypomastigotes and partial 
sequences of the small subunit ribosomal RNA (SSU rRNA) 
gene. We also discuss the current situation in the species 
taxonomy of avian trypanosomes. 
MATERIAL AND METHODS 
Collection of blood samples and extraction of DNA 
The blood samples used in this study were collected in Bobo Camp, 
southeastern Cameroon, in July 2005 (for more information, see 
Bonneaud et aI., 2009) and in Abrafo and Agumatsa, Ghana, in July 
2007 (see Loiseau et aI., 2010). Birds were caught with mist nets between 
daybreak (0600 hr) and dusk (1700 hr). They were ringed, bled, and 
released. None of them was recaptured. Blood samples (50-100 ~) were 
collected by venipuncture of the brachial vein and stored in lysis buffer 
(10 mM Tris-HCI, pH 8.0, 100 mM ethylene-diaminetetraacetic acid, and 
2% sodium dodecyl sulfate) for subsequent molecular analysis (Sehgal 
et aI., 2001). Two, 3, or 4 blood films were prepared from each bird. Blood 
films were air-dried within 5-10 sec after preparation. In humid 
environments, we used a battery-operated fan to aid in the drying of the 
blood smears. Slides were fixed in methanol in the field and then stained 
with Giemsa in the laboratory. During routine microscopy, blood films 
were examined for 10-15 min by using low magnification (X400), and then 
at least 100 fields were studied at high magnification (X 1,000). Entire 
blood films from the type series were examined at low magnification. 
Parasite morphology and statistical analysis 
A BX61 light microscope (Olympus, Tokyo, Japan) equipped with a 
DP70 digital camera (Olympus) and imaging software analySIS FIVE 
(Olympus Soft Imaging Solution GmbH, Miinster, Germany) was used to 
examine slides, to prepare illustrations, and to take measurements. The 
morphometric features studied (Table I) are those defined by Woo and 
Bartlett (1982) and Bennett, Siikamiiki et al. (1994). The morphologies of 
VALKIONAS ET AL.-NEW AVIAN TRYPANOSOMA SPECIES 925 
TABLE I. Morphometry of hematozoic trypomastigotes of 2 new 
Trypanosoma species from African birds. 
Feature* 
AK 
AN 
AT 
BW 
FF 
KN 
NA 
PA 
PK 
PN 
AN/AT§ 
BWIPA 
PKIPA 
PN/KN 
PNINA 
PN/PA 
Measurement (I1m)t 
T. anguiformis (n = 21) 
0.3-0.7 (0.6 ± 0.1) 
3.1-7.4 (5.4 ± 1.3) 
31.1-47.9 (39.2 ± 4.2) 
1.5-2.6 (2.0 ± 0.3) 
4.1-4.6 (4.3 ± 0.3)t 
10.8-16.2 (14.1 ± 1.2) 
9.8-13.4 (ll.8 ± 1.0) 
25.2-30.8 (28.6 ± 1.5) 
1.4--3.1 (2.3 ± 0.5) 
12.8-17.8 (16.2 ± 1.2) 
0.1-0.2 (0.1 ± 0.03) 
0.05-0.09 (0.07 ± 0.01) 
0.05-0.1 (0.08 ± 0.01) 
1.0-1.2 (Ll ± 0.1) 
Ll-1.8 (1.4 ± 0.2) 
0.5-0.6 (0.6 ± 0.03) 
T. polygranularis (n = 25) 
0.6-1. 7 (1.1 ± 0.3) 
5.0-10.8 (7.3 ± 1.7) 
41.7-67.7 (51.7 ± 6.4) 
2.7-4.4(3.5 ± 0.4) 
7.7-11.6 (10.0 ± 1.0) 
10.1-13.2 (11.6 ± 0.7) 
4.7-9.7 (7.3 ± 1.0) 
17.0-23.0 (20.6 ± 1.2) 
1.2-2.6 (1.8 ± 0.3) 
10.9-16.3 (13.3 ± 1.0) 
0.1-0.2 (0.1 ± 0.03) 
0.1-0.2 (0.2 ± 0.02) 
0.06-0.ll (0.09 ± 0.01) 
1.0-1.3 (1.1 ± 0.07) 
1.3-2.7 (1.9 ± 0.3) 
0.5-0.8 (0.7 ± 0.05) 
• AK = area of kinetoplast; AN = area of nucleus; AT = area of trypomastigote; 
BW = width of body through center of nucleus; FF = free flagellum; KN = 
kinetoplast to center of nucleus; NA = center of nucleus to anterior end; PA = 
total length without free flagellum; PK = posterior end to kinetoplast; PN = 
posterior end to center of nucleus; BW/PA = body width index; PKlPA, PNINA, 
PNIPA = nuclear index; PN/KN = kinetoplast index. 
t Minimum and maximum values are provided, followed in parentheses by the 
arithmetic mean and SD. 
t Number of measurements, n = 2. 
§ This index and indexes given below are calculated by division of the first feature by 
the second feature. 
new Trypanosoma spp. were compared with the voucher specimens of T. 
everetti and Trypanosoma ontarioensis (accessions 42151NS, 41691NS, and 
36221NS, respectively) in the Collection of the Institute of Ecology, 
Nature Research Centre, Vilnius, Lithuania. Student's t-test for indepen-
dent samples was used to determine statistical significance between mean 
linear parameters. A P value of :s0.05 was considered significant. 
Polymerase chain reaction (PCR), sequencing, and analysis 
Because samples wert<. collected in remote field locations, culturing of 
the parasites was impractical (Sehgal et aI., 2001). To obtain total genomic 
DNA, blood was extracted following a DNeasy kit protocol (QIAGEN, 
Valencia, California). Extracted DNA was used in nested PCR reactions 
to amplify SSU rRNA fragments according to a protocol modified from 
Sehgal et al. (2001). New primers for a second round of the nested PCR 
reaction were designed for this study to increase the fragments size of the 
sequences from 326 to 770 bp. The first set of primers was Tryp763 (5'-
CATATGCTTGTTTCAAGGAC-3' and Trypl016 (5'-CCCCATAAT-
CTCCAATGGAC-3') and the second set was Tryp99 (5'-TCAATCA-
GACGTAATCTGCC-3' and Tryp957 (5'-CTGCTCCTTTGT TATCCC 
AT-3'). The cycling profile conditions were as follows: initial denaturation 
at 95 C for 5 min, followed by 5 cycles 95 C for 1 min, 45 C for 30 sec, and 
65 C for 1 min, followed by 35 cycles of 95 C for 1 min, 50 C for 30 sec, 
72 C for 1 min, and then a final extension at 65 C for 10 min. We used 2111 
of the first PCR reaction as the template for the second PCR. The reaction 
conditions using the second primer set were as follows: initial denaturation 
at 96 C for 3 min, followed by 25 cycles of 96 C for 30 sec, 58 C for 1 min, 
72 C for 30 sec, and then a final extension at 72 C for 7 min. Bidirectional 
sequencing of the PCR fragments was performed in an ABI Prism 377 
automated sequencer (Applied Biosystems, Inc., Foster City, California). 
New sequences are deposited in GenBankTM, with the accessions 
HQ992697-HQ992700 and HQ992702. For comparison of trypanosome 
sequences, published sequences for the SSU rRNA gene were obtained from 
GenBank by using the following accessions: AY491764 (Trypanosoma 
blanchard!), AY099319 (Trypanosoma avium), AJ223562 (Trypanosoma 
bennett!), AF306776 (Trypanosoma brucel), AY461665 (Trypanosoma 
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corvi), FJ900240 (Trypanosoma cruzi), AJ005278 (Trypanosoma grayi), 
FJ649479 (Trypanosoma irwim), AF1l9808 (Trypanosoma mega), 
AJ009158 (Trypanosoma microtl), AF1l981O (Trypanosoma ranarum), 
AJOl2417 (Trypanosoma rangeli), AJ009161 (Trypanosoma rotatorium), 
AB007814 (Trypanosoma theilen), and AJ005279 (Trypanosoma varani). 
These sequences were identified using an NCBI BLAST-search. Sequences 
were aligned using Sequencher 4.8 (Gene Codes Corporation, Ann Arbor, 
Michigan). We conducted phylogenetic analyses of the sequences by 
using parsimony, and maximum-likelihood techniques implemented in 
PAUP*4.0blO (Swofford, 2003). Because only a small number of 
nucleotide substitutions separated the SSU rRNA lineages, we did not 
obtain well-supported hierarchical structure in tree-based phylogenetic 
reconstructions for different lineages of Trypanosoma spp. Due to this lack 
of phylogenetic resolution, we therefore interpreted our results primarily 
by determining genetic divergence between recorded lineages. Pairwise 
base differences among lineages were determined using PAUP*4.0bI0 
(Swofford, 2003). 
RESULTS 
DESCRIPTION 
Trypanosoma anguiformis n. sp. 
(Figs. 1-3; Table I) 
Diagnosis: Trypomastigotes relatively difficult to see in thin 
blood films due to pale staining and attenuated shape of 
organisms; >40 seen in infected birds, with numerous parasites 
recorded in each blood film. Parasites small, snake-shaped, 
markedly attenuated organisms (average width of body through 
center of nucleus is 211m), with both posterior and anterior ends 
markedly drawn out and pointed. Cytoplasm stains unevenly pale 
blue, with clear poorly stained areas located around nucleus and 
near kinetoplast; latter structure oval (Figs. 1, 2) or rod-like 
(Fig. 3) in outline, prominent (Table I), stains densely purple, and 
situated close to posterior end of cell. Centrally placed nucleus 
large, markedly variable in shape, usually elongated and never 
assuming roundish form, frequently dumbbell-shaped due to 
clearly visible 2 clumps of chromatin; this form of nucleus a 
distinctive character of this parasite (Figs. 2, 3). Longitudinal 
striations not seen. Free flagellum originates just anterior to 
kinetoplast, poorly visible, and thus difficult to measure (Table I). 
Undulating membrane present, but undulations poorly visible 
and clearly seen in few organisms (Fig. 1). No dividing forms 
seen. No information regarding pathogenicity in birds. 
Taxonomic summary 
Type host: Olive sunbird, Cyanomitra olivacea L. (Passeri-
formes: Nectariniidae). 
Additional hosts: Unknown. 
DNA sequences: Four SSU rRNA gene lineages with GenBank 
accessions HQ992698-HQ992700 and HQ992702. 
Type locality: Abrafo (OS021.171'N, 01°23.406'E; 170 m above 
sea level), Ghana. 
Distribution: This parasite has been reported only in Ghana 
where it was found at 2 sites, i.e., in the type locality and in 
Agumatsa (07°01.758'N, 00033.490'E; 269 m above sea level). 
Site of infection: Blood plasma. 
Prevalence: Overall prevalence in the olive sunbird was 6 of 104 
(5.8%) in Ghana. In the type locality, the prevalence was 4 of 30 
(13.3%). 
Type specimens: Hapantotype (accession 42022NS, 9 trypo-
mastigotes seen, C. olivacea, Abrafo, Ghana, 05°21.171'N, 
01°23.406'E, collected by G. Valkiunas, 13 July 2007) is deposited 
in the Institute of Ecology, Nature Research Centre, Vilnius, 
Lithuania. Parahapantotypes (42021NS and USNPC 104367.01, 
USNPC 104368.01, other data as for the hapantotype) are 
deposited in the Institute of Ecology, Nature Research Centre, 
Vilnius, Lithuania, and in the U.S. National Parasite Collection, 
Beltsville, Maryland, respectively. Parasites are marked with 
circles on the hapantotype and parahapantotype slides. 
Additional material: Eight blood films (accessions 41842NS, 
41843NS, 41997NS, 41998NS, 42100NS, 42101NS,42162NS, and 
42163 NS from the type host in Ghana) were deposited in the 
Institute of Ecology, Nature Research Centre, Vilnius, Lithuania. 
The samples of whole blood from the type host (original field 
numbers are 27-1096, 27-1166, 27-1168, 27-1234) were deposited 
in the Conservation Genetics Resource Center at the University of 
California, Los Angeles, California. 
Etymology: The species name reflects the markedly attenuated 
snake-like form of hematozoic trypomastigotes. 
Remarks 
Trypanosoma anguiformis belongs to the group of non-striated 
small avian trypanosomes «30 11m in length on average) with the 
kinetoplast situated close to the posterior end of the body. More 
than 15 species of such trypanosomes have been described (Baker, 
1976; Miltgen and Landau, 1982; Chandenier et aI., 1988); the 
majority of the descriptions were based on single records of a few 
trypomastigotes that were partially characterized, usually without 
designation of the type material. Trypanosoma anguiformis is 
characterized by the following differential characters of hemato-
zoic trypomastigotes: (1) organisms are markedly attenuated 
(snake-shaped), (2) nucleus is dumbbell-shaped, and (3) undulat-
ing membrane and flagellum are poorly visible (Figs. 2, 3). A 
combination of these readily distinguishable features are not 
characteristics of other avian trypanosomes that can be tenta-
tively attributed to the group of small Trypanosoma spp., 
including fragmentally illustrated and described Trypanosoma 
laverani (Novy and MacNeal, 1905), Trypanosoma calmettei 
(Mathis and Leger, 1909), Trypanosoma caprimulgi minus 
(Kerandel, 1913), -Trypanosoma lagonostictae (Marullaz, 1914), 
Trypanosoma cristatae (Schwetz, 1931), Trypanosoma ixobrychi 
(de Mello, 1935), Trypanosoma turdoides (de Mello, 1935), 
Trypanosoma lobivanelli (de Mello, 1937), Trypanosoma oenae 
(Sergent, 1941), and Trypanosoma fiadeiroi (Tendeiro, 1947). 
Names of these parasites (excluding probably T. calmettei) should 
be attributed to the category nomina dubia until their redescrip-
tion, as was suggested by Baker (1976). 
Small trypomastigotes of T. everetti (Molyneux, 1973b) and T. 
ontarioensis (Woo and Bartlett, 1982) have been frequently 
reported in numerous bird species, particularly passerines all over 
the world (Bishop and Bennett, 1992; Bennett, Earle et aI., 1994; 
Bennett, Siikamaki et aI., 1994), so should be distinguished from 
T. anguiformis. Trypomastigotes of both T. everetti and T. 
ontarioensis are much less attenuated than T. anguiformis 
(compare Figs. 1-3 and 7-9); they possess well-distinguished free 
flagella and do not possess dumbbell-shaped nuclei, thus they can 
be readily distinguished from T. anguiformis. In addition, T. 
everetti is an irregularly shaped parasite resembling a leaf or a kite 
in outline (Figs. 7, 8) rather than the usual spindle shape 
associated with trypanosome morphology (Molyneux, 1973b), 
which is not the case in T. ontarioensis (Fig. 9). 
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FIGURES 1-9. Hematozoic trypomastigotes of Trypanosoma anguiformis n. sp. from the olive sunbird, Cyanomitra olivacea (1-3), Trypanosoma 
polygranularis n. sp. from the Latham's forest francolin, Francolinus lathami (4-6), Trypanosoma everetti from olive sunbird (7-8), and Trypanosoma 
ontarioensis from the yellow-whiskered greenbul, Andropadus latirostris (9). Long arrows indicate nuclei of parasites. Short arrows indicate flagellum. 
Arrowheads indicate azurophilic granules. Giemsa-stained thin blood films. Bar = 10 ).Lm. 
Trypanosoma polygranularis n. sp. 
(Figs. 4-6; Table I) 
Diagnosis: Trypomastigotes easily found in thin blood films due 
to intensive staining, well-distinguishable flagellum and large 
kinetoplast. More than 60 organisms seen in blood films; 25 non-
deformed parasites investigated and measured (Table I). Parasites 
small, spindle-shaped organisms with both posterior and anterior 
ends drawn out and pointed. Cytoplasm stains blue, homogenous 
in appearance, possesses a few lightly stained spaces and 
numerous minute roundish azurophilic granules; a majority of 
the latter structures are arranged linearly, which follows 
undulating membrane (Fig. 6), but some also seen separately in 
cytoplasm (Fig. 4). Kinetoplast large (Table I), prominent, 
usually roundish in outline, occasionally oval, stains densely 
purple; situated close to posterior end of cell (Figs. 4-6). Nucleus 
compact, usually roundish, located clearly off-center; distance of 
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nucleus to posterior end approximately 2 times greater than to 
anterior end (Table I). Longitudinal striations not seen. Free 
flagellum originates just anterior to kinetoplast, densely stained, 
and well distinguishable. Undulating membrane conspicuous, 
with well pronounced undulations; undulation number varies 
(Figs. 4-6) but usually 4-5 (on average, 4.7 ± 0.5). No dividing 
forms seen. No information regarding pathogenicity in birds. 
Taxonomic summary 
Type host: Latham's forest francolin, Francolinus lathami 
Hartlaub (Galliformes: Phasianidae). 
Additional hosts: Unknown. 
DNA sequences: SSU rRNA gene lineages with GenBank 
accession HQ992697. 
Type locality: Bobo Camp, Cameroon (2°39' 17"N, 13°28' 16"E; 
170 m above sea level). 
Distribution: This parasite has been reported only at the type 
locality so far. 
Site of irifection: Blood plasma. 
Prevalence: One of 1 investigated the Latham's francolin was 
infected at the type locality. 
Type specimens: Hapantotype (accession 36448NS, 17 trypo-
mastigotes seen, F lathami, Bobo Camp, Cameroon, 2°39' 17"N, 
13°28'16"E, collected by G. Valkiunas, 19 July 2005) is deposited 
in the Institute of Ecology, Nature Research Centre, Vilnius, 
Lithuania. Parahapantotypes (36449NS and USNPC 104369.01, 
USNPC 104370.00), other data as for the hapantotype) are 
deposited in the Institute of Ecology, Nature Research Centre, 
Vilnius, Lithuania, and in the U.S. National Parasite Collection, 
Beltsville, Maryland, respectively. Parasites are marked with 
circles on the hapantotype and parahapantotype slides. 
Additional material: One sample of whole blood from the type 
host (original field number is 25-433) was deposited in the 
Conservation Genetics Resource Center at the University of 
California, Los Angeles, California. 
Etymology: The species name reflects the presence of numerous 
minute azurophilic cytoplasmic granules, which are arranged as a 
line following the undulating membrane in trypomastigotes. 
Remarks 
Trypanosoma polygranularis can be readily distinguished from 
T anguiformis due to the 3 characters of the latter parasite 
mentioned in the Remarks to that species, as well as both the 
conspicuous flagellum and undulating membrane. In addition, the 
area of the kinetoplast of T polygranularis is approximately 2 
times greater (P < 0.001) than in T anguiformis (Table I), and the 
kinetoplast of the former species never assumes a rod-like form 
that is a frequent case in T anguiformis (compare Figs. 3 and 6). 
Trypanosoma polygranularis belongs to the group of small avian 
trypanosomes, as does T anguiformis; it should be compared with 
the same species of parasites (see Remarks to T anguiformis). 
Trypanosoma polygranularis is characterized by the following 
differential characters (Figs. 4-6): (1) nucleus is markedly off-
center in position and located closer to the anterior end of the 
organism, (2) the cytoplasm possesses numerous azurophilic 
granules that are arranged as a line following the undulating 
membrane, (3) kinetoplast is large (Table I), and (4) the free 
flagellum is long and conspicuous (Table I). A combination of 
these readily distinguishable features is not characteristic of other 
avian trypanosomes that can be tentatively attributed to the 
group of small Trypanosoma spp. (see Remarks to T anguifor-
mis), including T everetti and T ontarioensis (Figs. 7-9). 
Trypanosoma polygranularis should be distinguished from T 
calmettei that was originally described from domestic chickens in 
Tonkin, Vietnam (Mathis and Leger, 1909). Bennett, Earle et ai. 
(1994) attributed to T calmettei a single infection with only 2 
trypomastigotes that were detected in the natal francolin, 
Francolinus natalensis, in Zimbabwe; these authors believed that 
the parasites are similar to T calmettei, but they provided neither 
a description nor illustrations. Trypanosoma polygranularis can 
be distinguished from T calmettei due to (1) greater size of 
kinetoplast (not measured but illustrated in the originals 
description of T calmettei by Mathis and Leger, 1909), (2) 
marked of-center location of nucleus in trypomastigotes, and (3) 
numerous azurophilic granules arranged as a line in the 
cytoplasm. 
Phylogenetic analysis 
We used a nested PCR protocol to obtain SSU rRNA DNA 
sequences of 770 bp. However, even with this sequence length, 
we were unable to construct informative phylogenetic trees with 
high support for branch nodes. We obtained 4 closely related 
sequences from samples of T anguiformis. The sequence 
divergence within the 4 sequences representing this species 
averaged 0.5%. The sequence data for T anguiformis showed 
high similarity to T bennetti, with an average sequence divergence 
of 0.8% among sequences representing these 2 species. 
We obtained sequence data from 1 sample of T polygranularis. 
The sequence of this species is most closely related to T bennetti, 
with a sequence divergence of 2.0%. It also is closely related to T 
'anguiformis, with an average sequence divergence of 2.8%. 
The T polygranularis lineage differed from the published 
sequences of T avium and T corvi and T everetti by approximately 
5.0, 6.0, and 7.0%, respectively. The average sequence divergence 
between lineages of T anguiformis and the same avian parasites 
was 4.5, 5.0, and 7.0%, respectively. 
DISCUSSION 
Numerous field studies on avian trypanosomes are based on the 
microscopic examination of blood films. Due to investigations in 
remote areas, biochemical, immunological, and in vitro cultiva-
tion methods have been applied to study only a few species of 
avian trypanosomes (see Molyneux, 1973a; Molyneux and 
Gordon, 1975; Baker, 1976; Woo and Bartlett, 1982; Kirkpatrick 
et aI., 1986; Kucera, 1986; Apanius, 1991; Nandi and Bennett, 
1994), so they currently cannot be used for broad taxonomic 
work; accumulation of such information is needed. DNA 
sequence-based data on avian trypanosomes also remain scarce 
(Sehgal et aI., 2001; Votypka et aI., 2004; Sehgal et aI., 2006, 
2010). 
In spite of clear limitations of microscopy, particularly the low 
sensitivity of microscopy in detecting infections, and the 
remarkable morphological variations of the parasites in vectors 
and at early stages of their development in avian hosts (Baker, 
1956; Bennett, 1962; Baker, 1976; Kirkpatrick et aI., 1986; 
Apanius, 1991), it is still reasonable to use relatively cheap 
microscopic techniques in determining patterns of distribution of 
the main morphotypes of hematozoic trypomastigotes in wildlife. 
Using microscopy initially will help to direct the application of 
advanced and expensive technologies in investigations of these 
organisms in wildlife, particularly in remote tropical areas. The 
present study adds 2 new morphospecies (Figs. 1-6) and 
contributes to the diversity of hematozoic forms of avian 
Trypanosoma spp. 
The molecular work here further underscores the limitations of 
using the SSU rRNA gene as a marker for inferring phylogenetic 
relationships among avian trypanosomes (Sehgal et aI., 2001). 
Sequence data can be used as a bar code to help identify the 
numerous species, but due to the overall similarity in sequence 
data, it has been insufficient in supporting evolutionary relation-
ships. This finding is similar to results of Votypka et aI. (2002), 
who found that due to a polytomy, the relationships among T 
avium, T bennetti, T scelopori, T varani, and T grayi could not 
be resolved using the 18S rRNA gene. Further work showed that 
T avium clearly differs from T corvi (V otypka et aI., 2004), but 
the relationship of T bennetti and the newly described T 
anguiformes and T. polygranularis to other avian trypanosomes 
remains unresolved. Future work is needed, perhaps with whole 
genome analyses, to clearly infer the phylogenetic relationships of 
these parasites. 
Our molecular analysis of the SSU rRNA gene shows that 
both T anguiformis and T polygranularis are closely related to 
T bennetti. All 3 species belong to a group of small avian 
trypanosomes. Unfortunately, hematozoic trypomastigotes were 
not included in the original description of T bennetti (Kirkpatrick 
et aI., 1986), and their morphology remains unknown. Morpho-
logical comparison of these parasites is currently impossible, but 
the data presented here will aid in distinguishing these organisms 
based on their DNA sequences. 
Information on species taxonomy and valid names of avian 
trypanosomes was discussed by Baker (1976) in detail; the 
majority of his conclusions regarding species taxonomy of avian 
Trypanosoma remain valid, with minor modifications concerning 
species tentatively belonging to the T avium group. Recent studies 
on T avium and T corvi have shown that both these parasites can 
infect the same avian hosts and can be transmitted sympatrically 
(Votypka et aI., 2004). Thus, the host range and the geographical 
distribution can hardly be used in recognition of these morpho-
logically similar representatives of T avium group. This dis-
covery's implications further complicate the identification and 
classification of avian trypanosomes. Before additional informa-
tion is available, it is still reasonable to classify avian trypano-
somes in species groups, as suggested by Baker (1976) and 
Bennett, Earle et aI. (1994). 
Progress in the taxonomy of avian trypanosomes remains 
extremely slow (see Baker, 1976; Sehgal et aI., 2006). That is not 
only because of (1) incomplete early original descriptions; (2) 
difficulties in application biochemical and culture techniques in 
comparative studies of wildlife parasites, particularly in remote 
areas (Kirkpatrick et aI., 1986; Kucera, 1986; Apanius, 1991; 
Votypka et aI., 2004); and (3) difficulties in use of some PCR-
based techniques during light Trypanosoma spp. infections 
(Sehgal et aI., 2001) but also because oflack of the type material 
and also DNA sequence information for type specimens of the 
majority of described species. The latter hinders comparative 
taxonomic studies because of questionable identification of 
similar morphotypes recorded in different avian hosts and 
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different study sites. Redescription of valid species from their 
type vertebrate hosts and type localities by using morphological 
and PCR-based techniques, as well as the deposition of the type 
material in museums, are essential for the revision of the species 
composition of avian trypanosomes and the reconstruction of the 
taxonomy of these organisms. This is a particularly alarming issue 
for the T avium group, parasites that apparently infect a broad 
range of avian hosts and might be of global distribution (Bennett, 
1961; Bennett, Siikamiiki et aI., 1994). Type material has been 
designated for T everetti (Molyneux, 1973b), T bennetti 
(Kirkpatrick et aI., 1986), T gallinarum (Sehgal et aI., 2006), T 
corvi (Nandi and Bennett, 1994), and a few recently described 
parasites (Miltgen and Landau, 1982; Chandenier et aI., 1988), 
including the 2 new species described here, i.e., T. anguiformis and 
T polygranularis. 
Taxonomy and systematics are essential in understanding the 
natural world, but they remain poorly developed for avian 
trypanosomes; this is an obstacle to their use in evolutionary 
biology studies. The number of publications on avian trypano-
somes is negligible in comparison with that of the Trypanosoma 
spp. of mammals «0.1 % according to the Scopus database on 28 
January 2011). This is understandable because of negligible 
economic importance of these parasitic organisms (but see 
also Molyneux et aI., 1983). However, avian trypanosomes are 
characterized by many unique properties (Baker, 1976; Molyneux, 
1977; Votypka et aI., 2004); they are widespread, diverse, and 
inhabit a fascinating group of vertebrate hosts. They thus may 
provide innovative insights in understanding the evolutionary 
biology of all trypanosomes (Apanius, 1991). We call for the need 
of taxonomic and systematic studies on avian Trypanosoma. 
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TWO NEW SIBLING SPECIES OF PROCAMALLANUS(SPIROCAMALLANUS) (NEMATODA: 
CAMALLANIDAE) FROM MARINE FISHES IN THE GULF OF THAILAND 
Thanapon Yooyen, Frantisek Moravec*t, and Chalobol Wongsawad 
Department of Biology, Faculty of Science, Chiang Mai University, Thailand. e-mail: dek_doi_25482@hotmail.com 
ABSTRACT: Based on light and scanning electron microscopical examinations, 2 new morphologically similar species of the subgenus 
Procamallanus (Spirocamallanus) (Nematoda: Camallanidae) possessing 2 caudal spikes are described from the intestine of marine 
perciform fishes from the Gulf of Thailand off the Thai coast, i.e., Procamallanus (S.) rigbyi n. sp. from Otolithes ruber (Bloch and 
Schneider) (Sciaenidae) and Procamallanus (S.) simi/is n. sp. from Si/lago sihama (Forsskill) (Sillaginidae). The former species is mainly 
characterized by the presence of 13-14 spiral ridges in the buccal capsule, location of deirids at about mid-way between the buccal 
capsule and the nerve ring, and by the length of the right spicule (315-360 11m), whereas the latter is characterized by 10-12 spiral 
ridges, deirids situated at short distance posterior to the buccal capsule, and the right spicule 435-492 11m long. Because of their 
inadequate descriptions, most species of this subgenus reported from marine fishes of the Indo-Pacific region are considered species 
inquirendae. Spirocotyle Yasmin and Bilqees, 2007 is considered a junior synonym of Procamallanus Baylis, 1923. Since Procamallanus 
(S.) otolithi Ashraf, Farooq and Khanum, 1977, P. (S.) otolithi (Gupta and Garg, 1986) and P. (S.) otolithi (Yasmin and Bilqees, 2007) 
are junior homonyms to P. (S.) otolithi Bilqees and Kazmi, 1974, they are renamed Procamallanus (S.) pakistanensis n. nom., 
Procamallanus (S.) problematicus n. nom., and Procamallanus (S.) incognitus n. nom., respectively (all species inquirendae). 
Procamallanus rigbyi and P. similis are the first nominal species of this genus reported from marine fishes off the coast of Thailand. 
From February to May 2009, the parasites of marine fishes 
were collected from the district of Pranburi (Prachuapkhirikhan 
Province, Thailand) on the Gulf of Thailand. In addition to some 
other helminths, nematodes of the subgenus Spirocamallanus 
Olsen, 1952 of the genus Procamallanus Baylis, 1923 (Camalla-
nidae) (Spirocamallanus is considered an independent genus by 
Rigby, 2011) were found in the intestine of the tigertooth croaker 
Otolithes ruber (Bloch and Schneider) (Sciaenidae, Perciformes) 
and the silver sillago Sillago sihama (Forsskal) (Sillaginidae, 
Perciformes). A detailed study of these camallanids has shown 
that they represent 2 new morphologically similar species which 
are described herein. 
Both 0. ruber (maximum length 90 cm) and S. sihama 
(maximum length 31 cm) are tropical commercial fishes that 
occur in marine and brackish waters with an Indo-West Pacific 
distribution. The former, a benthopelagic species, occurs mostly 
in coastal waters from East Africa including Madagascar 
(excluding the Red Sea) eastward to the southern China Sea 
and Queensland, Australia, whereas the latter, a reef-associated 
species, occurs from the Red Sea and Knysna, South Africa, to 
Japan and the south of Australia; it has been reported from New 
Caledonia (Froese and Pauly, 2011). 
MATERIALS AND METHODS 
The Pranburi sampling site is situated along the coastal area of the Gulf 
of Thailand (connected with the South China Sea). All fish were bought 
from Pak-Nam Pran fisheries village (12°22'57"N, 99°54'00"E), Pranburi 
District, Prachapkhirikhan Province, Thailand, in the period from 
February to May 2009. They were caught by a drift gill net. In total, 12 
specimens of 0. ruber and 10 of S. sihama were examined. The nematodes 
recovered were washed in physiological saline and then fixed in cold 4% 
formaldehyde solution. For light microscopy (LM) examination, the 
nematodes were cleared with glycerine. Drawings were made with the aid 
of a Zeiss drawing attachment. Specimens used for scanning electron 
microscopy (SEM) were postfixed in I % osmium tetroxide (in phosphate 
buffer), dehydrated through a graded acetone series, critical-point-dried and 
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sputter-coated with gold; they were examined using a JEOL JSM-740IF 
scanning electron microscope (lEOL, Tokyo, Japan) at an accelerating 
voltage of 4 kV GB low. All measurements are in 11m unless otherwise 
indicated. The names of fishes follow FishBase (Froese and Pauly, 2011). 
DESCRIPTIONS 
Procamaltanus (Spirocamaltanus) rigbyi n. sp. 
(Figs. 1, 2) 
Diagnosis (general): Family Camallanidae Railliet and Henry, 1915. 
Medium-sized nematodes with finely, transversely striated cuticle. Mouth 
aperture square, provided with narrow circumoral flange and surrounded 
by 12 submedian cephalic papillae arranged in 3 circles, each formed by 4 
papillae; papillae of external circle distinctly larger (Figs. I D, 2A, B). Pair 
of small lateral amphids present. Buccal capsule orange-brown, thick-
walled, barrel-shaped, usually slightly longer than wide, with simple, well 
developed basal ring; wall of middle part of capsule strengthened by 
conspicuous thickening appearing in lateral view as drop-shaped, 
extending anteriorly to anterior margin of capsule (Fig. IA-C, E); wall 
of capsule posterior to this thickening, less sclerotized, usually almost 
colorless. Maximum width:length ratio of buccal capsule 1: 1.0-1.2. Inner 
surface of capsule provided with 13-14 spiral ridges in lateral view, 3-6 of 
them being incomplete ,(not extanding from 1 lateral margin of capsule to 
other) (Fig. Ie, E). Muscular esophagus somewhat shorter than glandular 
esophagus; both parts of esophagus slightly expanded near their posterior 
ends (Fig. lA). Intestine brown, narrow. Deirids small, simple, with 
rounded end situated at about mid-way between posterior end of buccal 
capsule and nerve ring (Figs. IB, 2G). Excretory pore approximately at 
level of junction of both parts of esophagus (Fig. lA). Tail of both sexes 
with 2 (dorsal and ventral) terminal cuticular spikes. 
Male (holotype; measurements of 2 paratypes in parentheses): Length of 
body 15.08 (13.94-15.25) mm, maximum width 313 (272-340). Buccal 
capsule including basal ring 69 (78-84) long, its width 72 (63-72); basal 
ring 9 (9) long and 45 (36-42) wide. Maximum width:length ratio of buccal 
capsule 1:1.0 (1:1.2). Spiral ridges 14 (13-14), of which 5 (3-4) are 
incomplete. Length of muscular esophagus 422 (422-449), maximum 
width 81 (69); length of glandular esophagus 612 (653-680), maximum 
width 75 (96-120); length ratio of muscular and glandular esophagus 1:1.4 
(1: 1.5). Length of entire esophagus and buccal capsule representing 7% 
(8%) of body length. Nerve ring, deirids, and excretory pore 272 (258-
299), 150 (195), and 394 (367), respectively, from anterior extremity. 
Posterior end of body ventrally bent, provided with wide, vesiculated 
caudal alae supported by pedunculate papillae; anteriorly alae intercon-
nected by mound, thus forming a kind of pseudosucker, and posteriorly 
reaching to base of caudal terminal spikes (Figs. IH, 1, 2C, E). Preanal 
papillae: 3 pairs of subventral pedunculate papillae, of which second and 
third pairs closer to each other than first and second pairs; postanal 
papillae: 6 pairs of pedunculate papillae, 4 subventral and 2 lateral (last 
pair representing phasmids); additional 2 pairs of small, transversely 
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elongate sessile ventral papillae surrounding cloacal opening (Figs. IH, I, 
2C). Spicules similar in shape, unequal, with sharply pointed distal ends 
(Fig. lH, I); large (right) spicule 360 (315-318) long; small (left) spicule 
less sclerotized, 207 (156-180) long. Length ratio of spicules 1:1.7 (1:1.8-
2.0). Gubernaculum absent. Tail conical, 180 (186-189) long (Figs. IH, I, 
2C, E); length of terminal spikes 6 (4-6). 
Female (allotype; measurements of 2 paratypes in parentheses): Length of 
body of gravid specimens 26.07 (20.37-23.17) mm, maximum width 707 
(666-734). Buccal capsule including basal ring 90 (90-93) long and 90 (81-
84) wide; basal ring 12 (9-12) long and 60 (51) wide. Maximum width:length 
ratio of buccal capsule 1:1.0 (1:1.1). Number of spiral ridges 13 (14), of 
which 4 (5-6) incomplete. Length of muscular esophagus 585 (530-585), 
maximum width 108 (84-96); length of glandular esophagus 843 (762-843), 
maximum width 147 (111-120); length ratio of muscular and glandular 
esophagus 1: 1.4 (l :1.4). Length of entire esophagus and buccal capsule 
representing 6% (6-7%) of body length. Nerve ring and excretory pore 340 
(313-340) and 476 (435-530), respectively, from anterior extremity; deirids 
not located. Vulva pre-equatorial, 12.28 (9.72-10.27) mm from anterior 
extremity, at 47% (44-48%) of body length. Vulval lips not elevated. Vagina 
muscular, directed posteriorly from vulva. Uterus filled with larvae 486-546 
H long (n = 5) and 24-27 H wide; esophagus 90-105 long (18-22% of 
body length), tail 114-144 long (22-27% of body length); tail tip of larva 
bearing several digit-like projections (Fig. lJ, K). Tail of female somewhat 
conical, with digit-like projection bearing 2 small terminal spikes (Fig. IF, 
G) and pair of papilla-like phasmids (Fig. 2F). Length of entire tail 231 
(177-245); digit-like projection including spikes 48 (42-45) long and 21 (21) 
wide; spikes 3 (3) long. 
Taxonomic summary 
Type host: Tigertooth croaker, Otolithes ruber (Sciaenidae, Perciformes). 
Site of infection: Intestine. 
Type locality: Gulf of Thailand; Pranburi sampling site (fish bought 
from Pak-Nam Pran fisheries village, 12°22'57"N, 99°54'00"E), Pranburi 
District, Prachapkhirikhan Province, Thailand (collected February-May 
2009). 
Prevalence and intensity: 100% (12 fish infectedll2 fish examined); 2-16 
(mean 7) specimens per fish. 
Deposition of type specimens: Helminthological Collection of the 
Institute of Parasitology, Biology Centre of the Academy of Sciences of 
the Czech Republic, Ceske Budejovice (Cat. No. N-962). 
Etymology: This species is named in honor of Dr. Mark C. Rigby from 
the University of California, Berkeley, California, who has contributed 
greatly to the knowledge of camallanid nematodes. 
Remarks 
Nematodes of the present material belong to the morphological group 
of Procamallanus (Spirocamallanus) species characterized by the presence 
of wide caudal alae, 3 pairs of pedunculate preanal papillae and 2 unequal 
spicules, that are mostly parasites of marine fishes (Petter, 1979). As 
pointed out by Petter et al. (1977) and Rigby and Adamson (1997), the 
shape and structure of the female tail appears to be constant within a 
species of Procamallanus (Spirocamallanus). To date, the following 21 
morphologically similar species of this subgenus, possessing 2 caudal 
spikes on a digit-like projection in the female, have been reported from 
marine and brackish water fishes from the Indo-Pacific region: Proca-
mallanus (Spirocamallanus) pereirai Annereaux, 1946, Procamallanus (S.) 
mono taxis (Olsen, 1952), Procamallanus (S.) tornquisti Campana-Rouget, 
1961, Procamallanus (S.) istiblenni (Noble, 1966), Procamallanus (S.) alii 
Kalyankar, 1971, Procamallanus (S.) dussumieri Bilqees, Khanum and 
Jehan, 1971, Procamallanus (S.) sparus Akram, 1975, Procamallanus (S.) 
ditchelli (Gupta and Garg, 1976), Procamallanus (S.) neobuccalaris Bilqees, 
Fatima and Rehana, 1977, P. (S.) otolithi Gupta and Garg, 1986, P. (S.) 
otolithi Ashraf, Farooq and Khanum, 1977, Procamallanus (S.) philippi-
nensis (Velasquez, 1980), Procamallanus (S.) lamellari (Gupta and Garg, 
1986), Procamallanus (S.) visakhapatnamensis Rajyalakshmi, Rao and 
Shyamasundari, 1988, Procamallanus (S.) guttatusi (Andrade-Salas, 
Pineda-L6pez and Garcia-Magana, 1994), Procamallanus (S.) gobiomori 
Moravec, Salgado-Maldonado and Caspeta-Mandujano, 2000, Procamal-
lanus (S.) kakinadensis Lakhsmi, 2000, Procamallanus (S.) lutjanusi 
Lakshmi, 2000, Procamallanus (S.) soodi Lakshmi and Kumari, 2000, 
Procamallanus (S.) anguillae Moravec, Taraschewski, Thairungroj Ana-
ntaphruti, Maipanich and Laoprasert, 2006, and Procamallanus (S.) 
variolae Moravec, Justine and Rigby, 2006 (see, e.g., Anneraux, 1946; 
Olsen, 1952; Noble, 1966; Rasheed, 1970; Sood, 1989; Rigby and 
Adamson, 1997; Rigby and Font, 1997; Lakhsmi, 2000a, 2000b; Lakshmi 
and Kumari, 2000; Moravec et aI., 2000, 2004; Moravec, Justine et aI., 
2006; Moravec, Taraschewski et aI., 2006; Moravec and Justine, 2011). 
However, most of them, including all species described from waters of 
India and Pakistan (P. alii, P. ditchelli, P. dussumieri, P. kakinadensis, P. 
lamellari, P. lutjanusi, P. neobuccalaris, P. otolithi Ashraf et aI., 1977, P. 
otolithi Gupta et Garg, 1986, P. soodi, P. sparus, and P. visakhapatna-
mensis), P. philippinensis from the Philippines, and P. tornquisti from the 
Red Sea and India, are poorly described and should be considered species 
inquirendae (see also Rigby and Font, 1997; Moravec, Taraschewski et aI., 
2006). Nevertheless, they differ from P. rigbyi n. sp. in having a 
gubernaculum (P. alii, P. ditchelli, P. kikanadensis, P. lutjanusi, and P. 
SOOdl), a distinctly longer right spicule (450-564) (P. lamellari, P. otolithi 
Ashraf et aI., 1977, P. sparus, and P. visakhapatnamensis), fewer spiral 
ridges in the buccal capsule (P. philippinensis), a different shape of the 
female tail (P. neobuccalaris, P. tornquisti, and P. dussumieri; in the latter 
species, the only available female was considered to be a male), or a 
postequatorial vulva and fewer pairs of male caudal papillae (P. otolithi 
Gupta and Garg, 1986). 
Rasheed (1970) reported P. pereirai from Valamugil speigleri (Bleeker), 
Otolithes ruber, and Pomadasys hasta (Bloch) from off the Karachi coast, 
Pakistan. Originally, this species was described by Annereaux (1946) from 
California from the atherinopsid fish Atherinopsis californiensis Girard. 
Later, it was redescribed by Noble and King (1960) and Fusco and 
Overstreet (1979) from fishes belonging to different orders (Atherini-
formes, Cyprinodontiformes, Perciformes), but it may be presumed that 
the material studied by the former authors included more than 1 species of 
Procamallanus (see Moravec et aI., 2000). In contrast to the original 
description of P. pereirai, the specimens studied by Rasheed (1970) had 
fewer spiral ridges in the buccal capsule (8-10 in male and 11-13 in female 
vs. 14 in both sexes). Later, Sood (1989) synonymized P. (S.) sihamai 
(Khan and Begum, 1971), a species poorly described from S. sihama off 
the Karachi coast, Pakistan, with this species. Procamallanus rigbyi 
specimens possess mostly the same number (14) of spiral ridges as P. 
pereirai, but their right spicule is distinctly shorter (315-360 vs. 430). 
Procamallanus (S.) spiralis (Baylis, 1923), a parasite originally described 
from freshwater catfishes in Africa, was reported from Nemapteryx 
caelata (Valenciennes) 'and Lagocephalus lunaris (Bloch et Schneider) off 
the Karachi coast, Pakistan (Khan and Begum, 1971; Bilqees et aI., 1977). 
However, these records are evident misidentifications (the available 
nematode females probably belonged to the above-mentioned morpho-
logical group of species possessing 2 caudal spikes), as well as are the 
previous records of P. spiralis from marine fishes reported by Tornquist 
(1931) (later re-named Spirocamallanus tornquisti by Campana-Rouget, 
1961) from the Red Sea and by Yamaguti (1955) from off Celebes. 
The other above-mentioned valid species of Procamallanus (Spiroca-
mallanus) can be differentiated from P. rigbyi as follows: P. anguillae and 
P. gobiomori mainly by the presence of a gubernaculum; P. guttatusi by 
the chisel-shaped deirids, longer gravid females (30-37 vs. 20-26 mm) with 
a distinctly smaller buccal capsule (75-78 vs. 90-93 long), fewer spiral 
ridges (9-12 vs. 13-14), and more posterior location of the excretory pore 
(at level of the glandular esophagus); P. istiblenni by a shorter (274) right 
spicule and more anterior location of the excretory pore (at level of the 
posterior part of muscular esophagus); P. mono taxis by shorter larvae 
from uterus (447-456 vs. 486-546), a usually somewhat shorter right 
spicule (279-320 vs. 315-360) and the length ratio of spicules (1: 1.2-1.7 vs. 
1: 1.7-2.0); and P. variolae mainly by the location of deirids at the level of 
FIGURE 1. Procamallanus (Spirocamallanus) rigbyi n. sp. (A-B) Anterior end of male, lateral and dorsoventral views. (C) Buccal capsule of female, 
lateral view. (D-E) Buccal capsule of male, apical and lateral views. (F) Tail of gravid female, lateral view. (G) Caudal spikes, lateral view. (H-I) Caudal 
end of male, ventral and lateral views. (J) Larva from uterus. (K) Tail tip of larva. 
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FIGURE 2. Pracamallanus (Spiroeamal/anus) rigbyi n. sp., SEM micrographs. (A-B) Cephalic end, apical and lateral views. (C) Tail of male, 
ventrolateral view (arrows indicate caudal papillae). (D) Cephalic end, dorsoventral view. (E) Posterior end of male, subventral view. (F) Tail tip of 
female, lateral view. (G) Deirid. Abbreviations: a = amphid; b = cephalic papilla of external circle; c = cephalic papilla of middle circle; d = cephalic 
papilla of internal circle; e = cloacal opening; p = phasmid. 
nerve ring and the more posterior location of the excretory pore (at level of 
the glandular esophagus). 
Yasmin and Bilqees (2007) established a new monotypic camallanid 
genus Spiraea/yle Yasmin and Bilqees, 2007 to accommodate their poorly 
described species S. a/alithi Yasmin and Bilqees, 2007 from Otolithes ruber 
off the Karachi coast, Pakistan. The new genus is mainly characterized by 
the presence of " a prominent sucker at the anterior region of buccal 
capsule," but no such structure was illustrated on the accompanying line 
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FIGURE 3. Procamallanus (Spirocamallanus) similis n. sp. (A-B) Anterior end of male, lateral and dorsoventral views. (C-D) Buccal capsule of male, 
lateral and apical views. (E) Buccal capsule of male with strengthened wall, lateral view. (F) Shape of deirid. (G) Buccal capsule of female with 
strengthened wall, dorsoventral view. (H) Buccal capsule of female, lateral view. (I) Larva from uterus, lateral view. (J) Tail tip of larva. (K) Tail tip of 
female, lateral view. (L) Tail of gravid female, lateral view. (M) Tail of male, ventral view. (N) Posterior end of male, lateral view. 
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FIGURE 4. Procamallanus (Spirocamallanus) similis n. sp., SEM micrographs. (A- B) Cephalic end, apical and lateral views. (C) Detail of amphid and 
internal and middle cephalic papillae, lateral view. (D) Deirid. Abbreviations: a = amphid; b = submedian external cephalic papilla; c = submedian 
middle cephalic papilla; d = submedian internal cephalic papilla. 
drawings. The type specimens of S. otolithi could not be obtained for a 
re-examination. In our opinion, Yasmin and Bilqees (2007) probably 
interpreted the same conspicuous thickening of the wall at the middle part 
of buccal capsule, that we observed in the Thai specimens from the same 
host species (0. ruber), as a sucker-like structure. Accordingly, Spiroeotyle 
should be considered a junior synonym of Procamallanus Baylis, 1923, 
subgenus Spirocamallanus Olsen, 1952. Thus, P. (S.) otolithi (Yasmin and 
Bilqees, 2007), for which a new name, P. (S.) incognitus nom. n. , is now 
proposed, becomes a junior homonym of P. (S.) otolithi Bilqees and 
Kazmi, 1974 (see Bilqees and Kazmi, 1974). An additional 2 homonyms of 
the latter are P. (S.) otolithi Ashraf, Farooq and Khanum, 1977 and P. (S.) 
otolithi (Gupta and Garg, 1986) (see Ashraf et a!., 1977; Gupta and Garg, 
1986), for which the names P. (S.) pakistanensis n. nom. and P. (S.) 
problematicus n. nom., respectively, are proposed. The general descriptions 
of all these species are poor and misleading and, therefore, it is necessary 
to consider P. incognitus, P. otolithi, P. pakislanensis, and P. problematicus 
to be species inquirendae. However, even though P. incognitus, P. 
problematicus, and the present Thai specimens of P. rigbyi originate from 
the same host species (0. ruber), in contrast to the latter, P. problematicus 
is reported to have a postequatorial vulva and fewer pairs of caudal 
papillae whereas P. incognitus markedly differs in having considerably 
longer spicules (710 and 340 vs. 315- 360 and 156-207). 
From Otolithes argenteus Cuvier, now considered a synonym of 0. ruber 
(see Froese and Pauly, 2011), off the Karachi coast, Bilqees and Kazmi 
(1974) and Ashraf et a!. (1977) described under the name P. otolithi 2 
different species of Procamallanus, I of which is now renamed P. 
pakistanensis (see above); both are considered to be species inquirendae. 
They differ from P. rigbyi in having a smaller number (9-12) of spiral 
ridges in buccal capsule and they might have been con specific with 
nematodes from marine fishes (including 0. ruber) from the same locality 
identified by Rasheed (1970) as P. (S.) pereirai (see above) (but no caudal 
spikes were described for P. otolithl)' 
Procamallanus (Spirocamallanus) similis n. sp. 
(Figs. 3, 4) 
Diagnosis (general) : Medium-sized nematodes with finely, transversely 
striated cuticle. Mouth aperture square, surrounded by 12 submedian 
cephalic papillae arranged in 3 circles, each formed by 4 papillae; papillae 
of external circle distinctly larger (Figs. 3C, D, E, H, 4A, B). Pair of small 
lateral amphids present. Buccal capsule orange-brown, thick-walled, 
barrel-shaped, usually slightly longer than wide, with simple, well 
developed basal ring. Maximum width:length ratio of buccal capsule 
I :0.9-1.3. Inner surface of capsule with 10- 12 spiral ridges in lateral view, 
1- 3 of them being incomplete (Fig. 3C, E, H). Muscular esophagus 
somewhat shorter than glandular esophagus; both parts of esophagus 
slightly expanded near their posterior ends (Fig. 3A). Intestine brown, 
narrow. Deirids small, simple, chisel-shaped, situated at short distance 
posterior to buccal capsule (Figs. 3B, F, G, 4D). Excretory pore distinctly 
posterior to level of junction of both parts of esophagus (Fig. 3A), Tail of 
both sexes with 2 (dorsal and ventral) terminal cuticular spikes. 
Male (holotype; measurements of paratype in parentheses) : Length of 
body 13.74 (17.61) mm, maximum width 354 (381). Buccal capsule 
including basal ring 90 (90) long, its width 72 (72); basal ring 9 (9) long 
and 54 (57) wide. Maximum width:length ratio of buccal capsule I: 1.3 
(1: 1.3). Spiral ridges I I (11), of which 3 (2) are incomplete. Length of 
muscular esophagus 462 (408), maximum width 87 (99); length of 
glandular esophagus 598 (666), maximum width 108 (132); length ratio 
of muscular and glandular esophagus I: 1.3 (1: 1.6). Length of entire 
esophagus and buccal capsule representing 8% (7%) of body length. Nerve 
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ring, deirids, and excretory pore 299 (326), 129 (120), and 639 (632), 
respectively, from anterior extremity. Posterior end of body ventrally bent, 
provided with wide, vesiculated caudal alae supported by pedunculate 
papillae; anteriorly alae interconnected by mound, thus forming a kind of 
pseudosucker, and posteriorly reaching to base of caudal terminal spikes 
(Fig. 3M, N). Preanal papillae: 3 pairs of subventral pedunculate papillae, 
of which second and third pairs closer to each other than first and second 
pairs; postanal papillae: 6 pairs of pedunculate papillae, 4 subventral and 2 
lateral (last pair representing phasmids); additional 2 pairs of small, 
transversely elongate sessile ventral papillae surrounding cloacal opening 
(Fig. 3M, N). Spicules similar in shape, unequal, with sharply pointed 
distal ends (Fig. 3N); large (right) spicule 435 (492) long; small (left) 
spicule less sclerotized, 190 (180) long. Length ratio of spicules 1:2.3 
(1:2.7). Gubernaculum absent. Tail conical, 162 (168) long (Fig. 3M, N); 
length of terminal spikes 3 (3). 
Female (larvigerous allotype specimen; measurements of ovigerous 
paratype in parentheses): Length of body 21.35 (18.05) mm, maximum 
width 857 (680). Buccal capsule including basal ring 93 (78) long and 90 
(87) wide; basal ring 12 (12) long and 60 (60) wide. Maximum width:length 
ratio of buccal capsule 1:1.0 (1:0.9). Number of spiral ridges 10 (12), of 
which 3 (3) are incomplete. Length of muscular esophagus 558 (544), 
maximum width 122 (82); length of glandular esophagus 816 (707), 
maximum width 122 (122); length ratio of muscular and glandular 
esophagus 1: 1.5 (1: 1.3). Length of entire esophagus and buccal capsule 
representing 6% (7%) of body length. Deirids, nerve ring and excretory 
pore 150 (122), 354 (286), and 701 (652), respectively, from anterior 
extremity. Vulva pre-equatorial, 6.66 (5.14) mm from anterior extremity, 
at 31 % (28%) of body length. Vulval lips not elevated. Vagina muscular, 
directed posteriorly from vulva. Uterus filled with larvae 429-474 (-) long 
and 21-24 (-) wide; esophagus 75-105 long (17-22% of body length), tail 
144-174 long (32-37% of body length); tail tip of larva bearing several 
digital projections (Fig. 3J). Tail of female with somewhat withdrawn 
digit-like projection bearing 2 small terminal spikes (Fig. 3L). Length of 
tail 96 (114); digit-like projection including spikes 18 (39) long and 12 (21) 
wide; spikes 3 (3) long. 
Taxonomic summary 
Type host: Silver sillago, Sillago sihama (Sillaginidae, Perciformes). 
Site of infection: Intestine. 
Type locality: Gulf of Thailand, Pranburi sampling site (fish bought 
from Pak-Nam Pran fisheries village, 12°22'57"N, 99°54'00"E), Pranburi 
District, Prachapkhirikhan Province, Thailand (collected February-May 
2009). 
Prevalence and intensity: Six of 10 (60%) fish examined; 1-3 (mean I) 
specimens per fish. 
Deposition of type specimens: Helminthological Collection of the 
Institute of Parasitology, Biology Centre of the Academy of Sciences of 
the Czech Republic, Ceske Budejovice (Cat. No. N-963). 
Etymology: The specific name similis (=similar) relates to the fact that 
this species is very similar to Procamallanus rigbyi n. sp. 
Remarks 
This new nematode species is morphologically and biometrically very 
similar to the sympatric P. (S.) rigbyi n. sp., differing from it principally in 
the number of spiral ridges in the buccal capsule (10-12 vs. 13-14), the 
more anterior location of deirids (at short distance posterior to the buccal 
capsule vs. at about mid-way between the buccal capsule and the nerve 
ring), a more posterior location of the excretory pore, the longer right 
spicule (435-492 vs. 315-360), the shape of deirids (chisel-shaped vs. 
posteriorly rounded), the more anterior situation of the vulva in 
larvigerous female (31 % vs. 44-48%), and slightly shorter larvae from 
the uterus (429-474 vs. 486-546). We believe these differences are 
sufficient to consider the nematodes from S. sihama as an independent 
new species. This is supported by the fact that the type hosts of both 
species belong to different fish families (Sciaenidae vs. Sillaginidae). 
From other valid species of Procamallanus (Spirocamallanus) of the 
Indo-Pacific region possessing 2 caudal spikes (see above), P. similis n. sp. 
can be distinguished by a combination of different taxonomic features. 
Previously, 5 Procamallanus (Spirocamallanus) species were reported 
from the silver sillago (s. simaha) from off the coast of Pakistan (P. berdii 
(Khan and Yasmeen, 1969), P. sihamai, P. sparus) (Khan and Begum, 
1971; Akram, 1975, 1995; Bilqees, 1995); off the Philippines (P. 
philippinensis) (Velasquez, 1980; Arthur and Lumanlan-Mayo, 1997); 
and from the South China Sea (P. pereirai) (Huang and Lin, 2001). 
However, as mentioned above, P. pereirai has more spiral ridges in the 
buccal capsule than P. similis (14 vs. 10-12). All remaining species are now 
considered species inquirendae due to their poor descriptions. 
In Thailand, only 2 nominal species of Procamallanus (Spirocamallanus) 
have so far been reported from fishes from freshwater and brackishwater 
localities, i.e., P. (S.) kerri Pearse, 1933, described from a single nongravid 
female from Glossogobius giuris (Hamilton) (Gobiidae) (it should be 
considered a species inquirenda) and P. (S.) anguillae from Anguilla bicolor 
McClelland (Anguillidae) (see above) (Pearse, 1933; Moravec, Tar-
aschewski et aI., 2006). Consequently, Procamallanus (S.) rigbyi and P. 
(S.) similis are additional nominal species of this subgenus recorded from 
Thailand and the 1st species of Procamallanus reported from Thai marine 
fishes. 
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SYBR GREEN I AND TAQMAN QUANTITATIVE REAL-TIME POLYMERASE CHAIN 
REACTION METHODS FOR THE DETERMINATION OF AMPLIFICATION OF PLASMODIUM 
FALCIPARUM MULTIDRUG RESISTANCE-1 GENE (PFMDR1) 
Poonuch Muhamad, Wanna Chaijaroenkul, Kanungnit Congpuong*, and Kesara Na-Bangchangt 
Thailand Center of Excellence on Discovery and Development, Thammasat University (Rangsit Campus), Paholyothin Road, Klong Luang District, 
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ABSTRACT: The pfmdrl gene, which encodes P-glycoprotein homolog 1, has been shown to be a reliable marker of resistance for 
Plasmodium falciparum related to artesunate and mefloquine combination therapy. The aims of this study are to investigate the copy 
number of pfmdrl in P. falciparum isolates collected from the 4 malaria-endemic areas of Thailand (Kanchanaburi, Mae Hongson, 
Ranong, and Tak) along the Thailand-Myanmar (Burma) border (Thai-Myanmar border) by using SYBR Green I and the standard 
method TaqMan real-time polymerase chain reaction (RT-PCR) and to compare the efficiency (sensitivity and specificity) of SYBR 
Green I with TaqMan RT-quantitative (q)PCR methods in determiningpfmdrl gene copy number. Ninety-six blood samples were 
collected onto filter paper from patients with uncomplicated falciparum malaria who attended malaria clinics in the Kanchanaburi (n 
= 45), Mae Hongson (n = 18), Ranon~ (n = 11), and Tak (n = 22) provinces in Thailand. Parasite genomic DNA was extracted from 
dried blood spots by using QIAcubeT automated sample preparation. Pfmdrl gene copy number was determined by TaqMan (63 
samples) and SYBR Green I (96 samples) real-time PCR. Seventy-one (74.0%), 14 (14.6%), 10 (10.4%), and 1 (1 %) isolates carried I, 2, 
3, and 4 pfmdrl gene copies, respectively. Forty-three of 48 (89.6%), 6 of 11 (54.5%), and 3 of 4 (75.0%) samples, respectively, showed 
agreement with results of I, 2, and 3 pfmdr 1 gene copies as determined by both methods. The efficiency of SYBR Green I in identifying 
pfmdrl gene copy number was found to be significantly correlated with that of TaqMan. Considering its simplicity and relatively low 
cost, SYBR Green I RT-qPCR is therefore a promising alternative technique for the determination of pfmdrl copy number. 
Thailand is a country where the emergence and spread of 
multidrug-resistant Plasmodium falciparum is well documented 
(Na-Bangchang and Congpuong, 2007). A 3-day combination 
regimen of artesunate and mefloquine (an artemisinin-based 
combination therapy or ACT) is currently used as a first-line 
treatment of acute uncomplicated falciparum malaria throughout 
the country (Congpuong et aI., 2010). Nevertheless, a gradual 
decline in efficacy of this combination regimen, together with in 
vitro sensitivity of the parasite to each individual partner drug, 
has been reported previously (Rogers et aI., 2009). The validated 
molecular markers of antimalarial drug resistance would be an 
important tool for monitoring the status and evolution of drug 
resistance (Wongsrichanalai et aI., 2002). The parasite genes 
involved in transportation or efflux of antimalarial drugs are 
attractive candidates as molecular markers of antimalarial drug 
resistance. The most recognized genes include pfert (P. faleiparum 
chloroquine-resistant transporter), which encodes the transmem-
brane protein PfCRT; and pfmdrl (P. falciparum multidrug 
resistance), which encodes a P-glycoprotein homolog I (Chaijar-
eonkul et aI., 2010). In recent studies, increasing copy number of 
pfmdr 1 gene has been proposed to be a predictor of ACT 
treatment failure (Price et aI., 2004; Nelson et aI., 2005; Alker et 
aI., 2007). An increase inpfmdrl copy number has been associated 
with mefloquine treatment failure (Lim et aI., 2009). Furthermore, 
3, or more, copies of pfmdrl also were associated with 
recrudescence in patients treated with the combination of 
artesunate-mefloquine. An in vitro study in P. falciparum culture 
revealed that pfmdr 1 copy number increased after parasite 
exposure to higher mefloquine concentration (Preechapornkul 
et aI., 2009). Two methods based on quantitative real-time 
polymerase chain reaction (RT-qPCR), i.e., TaqMan and SYBR 
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Green I, are currently used for the determination of pfmdr 1 copy 
number that may reflect gene amplification (i.e., increased gene 
copy number). TaqMan RT-qPCR is a standard due to its 
specificity of binding signal-labeling fluorogenic probe. The 
fluorogenic labeled reporter at the 5' end is released from the probe 
by the exonuclease activity of Taq polymerase during the extension 
step in each amplification cycle. The principle of quantification of 
amplified products of the SYBR Green I method is based on the 
binding of fluorescent dye to minor grooves of the amplified DNA 
during the primer annealing and extension steps of PCR cycle (Liu 
et aI., 2006). Although SYBR Green I shows lower specificity, it has 
advantages over the TaqMan method with regard to its simplicity 
and relatively low cost (Ferreira et aI., 2006). The objectives of the 
present study are to investigate the amplification of pfmdr 1 in P. 
falciparum isolates collected from 4 malaria-endemic areas of 
Thailand along the Thailand-Myanmar (Burma) border (Thai-
Myanmar border) by using the standard method TaqMan RT-
qPCR and to compare the efficiency of the SYBR Green I with 
TaqMan RT-qPCR in determiningpfmdrl gene copy number. 
MATERIALS AND METHODS 
Sample collection and DNA extraction 
The study was conducted in 2009 at the malaria clinics in 4 endemic 
areas of Thailand along the Thai-Myanmar border, namely, Kanchana-
buri, Mae Hongson, Ranong, and Tak provinces. Approval of the study 
protocol was obtained from the Ethics Committee of the Ministry of 
Public Health of Thailand. Ninety-six blood samples were collected onto 
filter paper (Whatman no. 3; Whatman, Kent, U.K.) from patients with 
acute, uncomplicated P. falciparum malaria before treatment with a 3-day 
artesunate-mefloquine combination. Parasite genomic DNA template was 
extracted from dried blood spots by using QIAcube™ automated sample 
preparation (QIAGEN, Crawley, U.K.). 
Quantification of pfmdr1 by RT-peR 
SYBR Green I and TaqMan RT-qPCR were performed on an iCycier 
thermal cycler system (Bio-Rad Laboratories, Hercules, California) to 
determine the copy number of pfmdr 1 according to the methods described 
by Ferreira et al. (2006) and Price et al. (2004), respectively. For SYBR 
Green I, pfmdr 1 copy number was determined using the default 
939 
940 THE JOURNAL OF PARASITOLOGY, VOL. 97, NO.5, OCTOBER 2011 
TABLE 1. Distribution of pfmdr 1 copy number determined by SYBR Green I RT -qPCR in samples collected along the Thai-Myanmar border. Data are 
presented as number and percentage (in parentheses) values. 
Pfmdr1 copy no. 
Study site (province) 2 
Kanchanaburi 39 (86.7) 4 (8.9) 
Mae Hongson 11 (61.1) 5 (27.8) 
Ranong 10 (90.9) I (9.1) 
Tak 11 (50) 4 (18.2) 
Total 71 (74.0) 14 (14.6) 
thermocycler program of the iCycler instrument. Before the amplification 
cycle, the DNA template was pre-incubated at 95 C for 10 min and then 
followed by 40 cycles of RT-PCR by 95 C for 15-sec denaturation and at 
60 C for I min for annealing and extension. Before the amplification cycle, 
the DNA template (2 ILl) was pre-incubated at 95 C for 10 min and then 
followed by 40 cycles of RT-PCR at 95 C for 15-sec denaturation and at 
60 C for I min for annealing and extension. RT-PCR reaction was carried 
out in a 96-well plate with 25 ILl of reaction volume containing I X buffer 
(lOX), 3.5 mM MgCh, 200 ILM dNTPs, 1 ILM of each forward and reverse 
primer, and 12.5 ILl of Platinum ™ PCR SuperMix (Invitrogen, Carlsbad, 
California). For TaqMan RT-qPCR, pfmdr1 copy number was deter-
mined using 50 PCR cycles (at 95 C for 15 sec and at 58 C for I min). The 
reaction was carried out in a 96-well plate with 25 ILl of reaction volume 
containing TaqMan buffer (8% glycerol, 0.625 U of DNA polymerase, 
5.5 mM MgCI2, 300 ILM dNTP, and 600 nM passive reference dye 5-
carboxy-X-rhodamine, pH 8.3), 300 nM each forward and reverse primer, 
100 nM each probe, and 5 ILl of template DNA. 
Samples were analyzed in a minimum of 2 independent experiments, 
with triplicate wells for each experiment. Additional experiments were 
performed if the percentage of the coefficient of variation (%CV) of the 2 
experiments was > 10%. The P. falciparum Dd2 and 3D7 clones were 
determined in parallel as control samples. The Dd2 clone may carry 3 gene 
copies or 4 gene copies (Ferreira et aI., 2006) depending on the sources of 
parasite clone collected, whereas the 3D7 clone carries only 1 copy of 
pfmdr 1. The copy number of the Dd2 clone was confirmed in our 
laboratory to be 4 copies. At the end of each reaction, cycle threshold (Ct) 
and melting curves were generated for further data analysis. For the 
TaqMan and SYBR Green I assays, gene copy number was determined by 
relative quantification between pfmdr1 gene and fJ-tubulin (Price et aI., 
2004) and fJ-actin (Ferreira et aI., 2006) genes, respectively, based on the 
.1..1.Ct method. Both fJ-tubulin and fJ-actin are house-keeping genes that 
carry only a single copy of pfmdr 1 in all parasite isolates and thus allow 
the comparison of gene copy number determined by the 2 methods. In 
brief, the target gene (pfmdr 1) and reference (fJ-tubulin or fJ-actin) genes 
were amplified with the same efficiency within an appropriate range of 
DNA concentrations. The copy number of pfmdr1 was calculated using 
the comparative Ct method (also known as the 2-MCt method), where 
.1.Ct,sample = Ct,pfmdrl - Ct,reference, .1.Ct,sample is the Ct value for any sample 
normalized to the endogenous house-keeping gene (fJ-tubulin for TaqMan 
and fJ-actin for SYBR Green I method), and .1..1.Ct = .1.Ct,sample - .1.Ct,3D7' 
In all the samples, the T MCt refers to N-fold change of pfmdr1 copy 
number relative to 3D7 pfmdr1 copy number. Therefore, the 3D7 pfmdr1 
copy number was calculated by .1.Ct,3D7 = Ct,pfmdrl - Ct,reference .1..1.Ct = 
[delta]Ct,3D7 - [delta]Ct,3D7 = 0 3D7 pfmdr1 copy number = T MCt = TO 
= 2° = 1. For each sample, .1.CtE denoting the experimental .1.Ct was 
determined by CtG - CtR, where, CtG is the target and CtR is the reference 
Ct. This value was then applied to the comparative .1..1.Ct method: .1..1.Ct = 
.1.CtE - .1.Ct3D7, where .1.Ct3D7 is the .1.Ct of 3D7. The copy number of 
pfmdr1 in each sample was revealed by 2-MCt as the N-fold copy number 
of pfmdr 1 when compared with 3D7. 
Statistical analysis 
Sensitivity of SYBR Green I method was calculated as (number of true 
positives/[number of true positives + number of false negatives]) X 100. 
Specificity of the method was calculated as (number of true negativesl 
[number of true negatives + number of false positives]) X 100. 
3 4 Total 
2 (4.4) 0(0) 45 (46.9) 
I (5.6) I (5.6) 18 (18.8) 
0(0) 0(0) 11 (11.4) 
7 (31.8) 0(0) 22 (22.9) 
10 (10.4) I (I) 96 (100) 
Difference in pfmdr1 gene copy number among the 4 study sites was 
assessed using the Kruskal-Wallace test. The correlation between pfmdr 1 
copy number determined by SYBR Green I and TaqMan methods was 
assessed by a Spearman rank correlation test. Statistical significance level 
for both tests was set at at = 0.05 (SPSS version 15; SPSS, Chicago, 
Illinois). 
RESULTS 
Ninety-six samples were included in the analysis of pfmdr 1 gene 
copy number, 96 (100%) samples for SYBR Green I, and 63 
(65.6%) for TaqMan methods. Investigation of the pfmdrl copy 
number by the SYBR Green I method was completed in all of the 
96 P. falciparum genomic DNA samples; 45, 18, 11, and 22 
samples were collected from Kanchanaburi, Mae Hongson, 
Ranong, and Tak provinces, respectively. Seventy-one (74.0%), 
14 (14.6%), 10 (10.4%), and 1 (1 %), samples carried 1, 2, 3, and 4 
pfmdrl copies, respectively. The distribution and pattern of gene 
copy number observed among the 4 study sites were significantly 
different (P = 0.02; Table I). 
Table II summarizes the gene copy number determined by both 
methods. Forty-three of 48 (89.6%), 6 of 11 (54.5%), and 3 of 4 
(75%) samples showed agreement of results for 1,2, and 3 pfmdrl 
copies, respectively, by both methods. The efficiency of SYBR 
Green I in identifying pfmdr 1 gene copy number was found to be 
significantly correlated with that of TaqMan method (? = 0.574, 
P < 0.01). Using TaqMan as the standard method, the sensitivity 
values (95% confidence interval) of SYBR Green I in identifying 
1,2, and 3 gene copies were 89.6% (77.8-95.5), 54.5% (28.0-78.7), 
and 75.0% (30.1-95.4), respectively. The corresponding values for 
specificity were 86.7% (62.1-96.3), 94.2% (84.4-98.0), and 89.8% 
(79.5-95.3), respectively . 
DISCUSSION 
Several investigations have confirmed the link between the 
amplification of pfmdr 1 and mefloquine resistance, as well as 
treatment failure after the artesunate-mefloquine combination. 
Using mefloquine mono therapy in the past might lead to the 
selection of parasites carrying more than 1 pfmdr 1 copy number in 
mefloquine-resistant isolates that will finally induce resistance of 
the parasite to mefloquine-artemisinin combination (Lim et aI., 
2009; Rodrigues et aI., 2010). Genetic study through the 
construction of pfmdr 1 knockdown clone by the disruption of 1 
of the 2 pfmdr 1 copies in the drug-resistant FCB P. falciparum line 
resulted in reduced pfmdr 1 mRNA and protein expression. These 
knockdown clones established a 3-fold decrease in mefloquine 
IC50 values compared with the parent FCB line, verifying the role 
TABLE II. PJmdrl gene copy numbers determined by TaqMan and SYBR 
Green I RT-qPCR. Data are presented as the number, or number and 
percentages (in parentheses), of samples carrying certain gene 
copy number. 
TaqMan (PJmdrl copy no.) 
SYBR Green I (PJmdrl copy no.) 2 3 Total 
43 2 0 45 (71.4) 
2 2 6 1 9 (14.30 
3 3 3 3 9 (14.3) 
Total 48 (76.2) II (17.5) 4 (6.3) 63 (100) 
of pfmdr 1 expression levels on resistance to mefloquine (Sidhu 
et at, 2006). 
Results based on the gene amplification determined by 
TaqMan RT-PCR obtained from the present study show that 
most of the P. falciparum isolates collected from various areas 
along the Thai-Myanmar border carry 1 copy of pfmdr 1. Among 
the 4 investigation areas, the percentages of isolates carrying 1 
gene copy number seemed to be relatively high in Ranong (90.9%) 
and Kanchanaburi (86.7%). A marked increase in gene copy 
number (2 and 3 copies) was observed with isolates collected from 
Mae Sot (18.2 and 31.8%, respectively). This observation is in line 
with our recent report on a sharp decline in clinical efficacy of a 3-
day combination regimen of artesunate-mefloquine in the Mae 
Sot District, Tak Province (Na-Bangchang et at, 2010). It also 
was noted that the amplification of the gene to 4 copies was 
observed only in a single isolate collected from Mae Hongson. 
The high percentage of samples carrying > 1 gene copy number 
emphasizes the need for the monitoring of drug resistance in these 
areas, particularly in Tak and Mae Hongson provinces. A study 
of isolates from Cambodia, where artesunate-mefloquine combi-
nation has been used for a longer period, also showed an increase 
of pfmdr1 copy number in treatment failure cases in conjunction 
with a decrease in in vitro sensitivity of the parasite isolates to 
mefloquine (Basco et at, 1996; Shah et at, 2008; Lim et at, 2009). 
In contrast, a study of African isolates, where the intensity of 
mefloquine exposure is low, revealed no pfmdr1 amplification in 
almost all samples (Witkowski et at, 2010). It is noteworthy that 
results from RT-qPCR-based techniques provide only the 
impression of amplification' of gene copy number. The expression 
of PfMDRl protein transporter needs to be confirmed by 
techniques such as the Western blot analysis and microarray. 
Further observations on the association between pfmdr1 copy 
number and treatment response after artesunate-mefloquine 
combination should be performed in other malaria-endemic 
areas, particularly in areas along the Thai-Cambodia border. 
Molecular surveillance is a high-throughput tool and can be 
performed in a central laboratory on dried blood spots, which can 
easily be collected in the field. Expanded molecular surveillance 
also could accurately assist in mapping antimalarial resistance 
and enable sub-national treatment policies in countries with 
marked geographic variation in drug susceptibility. 
Our study demonstrated acceptable efficiency of SYBR Green I 
method in determining pfmdr 1 copy number with respect to its 
sensitivity and specificity (Table II). Results showed good 
correlation (r2 =0.574) between SYBR Green and TaqMan 
MUHAMAD ET AL.-PFMDR1 AMPLIFICATION BY REAL-TIME PCR 941 
methods. Sensitivity of the method for isolates carrying 1 and 3 
gene copies were >75%. The sensitivity for detection of isolates 
carrying 2 gene copies was relatively low due to the limited 
number of samples included in the analysis. Specificity for isolates 
carrying 1 to 3 gene copies ranged from 86 to 94%. Considering 
its simplicity and relatively low cost, SYBR Green I RT-PCR is 
therefore a promising alternative technique for the determination 
of pfmdr 1 amplification. 
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Prevalence of Antibodies to Toxoplasma gondii in Horses in Riyadh Province, Saudi Arabia 
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Arabia; *To whom correspondence should be addressed: Department of Zoology, College of Science, King Saud University, P.O. Box 2455, 
Riyadh 11451, Saudi Arabia. e-mail: myousif@ksu.edu.sa 
ABSTRACT: The aim of the present study was to determine the 
seroprevalence of Toxoplasma gondii in horses used for sporting purposes 
in the Province of Riyadh, Saudi Arabia, In total, 266 serum samples from 
clinically healthy horses were analyzed for anti-T, gondii antibodies using 
the Sabin-Feldman dye test. Antibodies to T. gondii were found in 84 
(31.6%) horses, with specific titers of 1:16 (78 with a prevalence of29,3%), 
1:64 (4 with a prevalence of 1.5%), and 1:256 (2 with a prevalence of 
0,8%), The number of seropositive horses in Shaqra (43.7%) was 
considerably higher than in other regions, with the lowest occurring in 
AI-Majmaah (11.0%). However, the differences in seroprevalence between 
the 6 locations were not statistically significant (P > 0.05). In contrast, the 
overall seroprevalence in Riyadh province was higher than that reported 
in other countries. Horses are not a direct source of infection for human 
toxoplasmosis in this region. Usually human infection is facilitated via 
cats, which are the reservoir hosts for this parasite. 
Toxoplasma gondii is an intracellular protozoan parasite capable of 
infecting a wide variety of tissues in numerous mammals, including humans 
(Tassi, 2007). The parasite has a worldwide distribution and is of both 
medical and veterinary importance. The disease is mostly asymptomatic, 
although symptoms such as fever, ataxia, retinal degeneration, and severe 
encephalomyelitis may be observed occasionally (Beech et a!., 1974). Horses 
are most commonly infected by ingestion of sporulated oocysts found in 
feces of infected cats (Aganga et a!., 1983). In general, T. gondii infections in 
horses progress subclinically, and, therefore, diagnosis relies largely on 
serological techniques to detect the parasite-specific antibodies. Equine 
toxoplasmosis has been diagnosed with a variety of serological methods in 
various countries across the world (Riemann et a!., 1975; AI-Khalidi and 
Dubey, 1979; Chhabra and Gautam, 1980; EI-Ghaysh, 1998; Dubey, 
Kerber et a!., 1999; Jakubek et a!., 2006). The seroprevalence of 
toxoplasmosis in horses varies among different countries, ranging from 
4% to 91% (Zardi et a!., 1968; Eugster and Joyce, 1976; Beyer and 
Shevhunova, 1986; Uggla et a!., 1990; Akca et a!., 2004). 
In Saudi Arabia, there are no many reports of T. gondii infections in 
humans (AI-Amari, 1994; AI-Qurashi et a!., 2001; AI-Harthi et a!., 2006) 
or other animals (Hossain et a!., 1986; Mohammed and Hussein, 1994; 
Hilali et a!., 1995; Hussein et a!., 1998). Since previous studies on this 
parasite in Saudi Arabia are lacking, this investigation was instigated to 
determine the seroprevalence of T. gondii in horses from 7 geographic 
locations (Fig. 1). 
Ten-milliliter blood samples were taken from the jugular vein of horses 
into evacuated tubes and transported to the Central Agriculture Research 
Center in Riyadh. Sera samples were collected from the blood samples by 
centrifugation at 4,000 rpm for 10 min at room temperature. Sera samples 
were stored at -20 C for further analysis and subsequently tested for anti-
T. gondii antibodies in 4-fold dilutions (1:16; 1:64, and 1:256), using the 
standard Sabin-Feldman dye test according to the modified method of 
Feldman and Lamb (1966). Statistical analysis was performed according 
to Petrie and Watson (1999) and Petrie and Sabin (2000). A chi-square (X2) 
test was used to detect significant differences between proportions; a 
probability of less than 0.05 was considered to be statistically significant. 
Table I summarizes the results of the study. Serum antibodies to T. 
gondii were found in 84 of 266 (31.6%) tested horses. Antibodies to T. 
gondii were found in all 7 geographic regions sampled. Antibody titers 
were found in 78 horses at a 1:16 dilution, in 4 horses at a 1:64 dilution, 
and in 2 horses with a dilution of 1 :256. The highest seroprevalences were 
observed in Shaqra (43.7%), while the lowest seropositivity was found in 
AI-Majmaah (11 %). The prevalence differed among the 7 regions, but this 
was not statistically significant (P > 0.05). The seroprevalence was 35% 
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(65/188) in males and 24% (19/78) in females, which is not statistically 
significant different (Table II). 
Toxoplasma gondii causes subclinical infections in horses. Therefore, the 
diagnosis of the infection is generally performed using serological tests to 
detect T. gondii antibodies. Dubey et a!. (2003) detected a seropositivity of 
0.4% in wild horses in the state of Wyoming and 7% among 1,788 horses 
slaughtered in North America using MAT, whereas the same technique 
revealed a seropositivity of 15% in Brazil (Dubey, Thulliez et a!., 1999) 
and 13% in Argentina (Dubey, Venturini et a!., 1999). ELISA results 
indicated a seropositivity of 66% in donkeys in Egypt (EI-Ghaysh, 1998) 
and 7% in horses from the Netherlands (Van Knapen et a!., 1982). While 
Tizard et a!. (1978) reported a seropositivity in horses of 9% in Ontario, 
Canada, using SFDT, Hejlicek and Litenik (1994) found an 8% 
seroprevalence of T. gondii among 2,886 horses using the same technique, 
and Akca et a!. (2004) reported that 21 % of Turkish horses were infected 
with T. gondii antibodies using SFDT. In the present study, T. gondii 
antibodies were found in 84 (32%) horses. 
Here, we preferred to test our sera at a starting dilution of 1: 16 to avoid 
the risk of overestimating the prevalence of infection and to enable us to 
make a direct comparison with other studies performed for horses in other 
countries where the same test and the same cutoff titer were applied. 
However, horses examined in the present study were carefully bred on a 
farm, or similar area, thereby decreasing the risk of exposure to feces of 
feral fe1ids. We assumed that the consumption of raw or improperly 
processed fecal material would be a mainstay for transmission of T. gondii. 
Although the horse is not a direct source of infection for humans in this 
region, it may indirectly spread the infection to humans and other 
herbivores via the cats, which may consume contaminated horsemeat. 
Surprisingly, the overall seroprevalence of T. gondii in horses in Riyadh 
was found to be 32%, which is much higher than prevalences reported in 
other countries. Because of the high prevalence, we are now in the process 
of planning further research on domestic animals and humans in order to 
determine the extent of toxoplasmosis in the Riyadh region of Saudi 
Arabia. 
FIGURE 1. Map of Saudi Arabia showing the study regions (Riyadh 
province): + = AI-Janadriah; * = AI-Kharj; .. = Dyrab; 0 = Rumah; 
• = AI-Majmaah; ~ = Shaqra; 0 = Az-Zilfi. 
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TABLE I. The prevalence of serum antibodies to T. gondii in horses of Riyadh province, Saudi Arabia. 
Location No. of samples No. of positive samples 
AI-Janadriah 93 31 (33.3%) 
AI-Kharj 35 7 (20%) 
Dyrab 82 23 (27.4%) 
Rumah 21 8 (38%) 
Al-Majmaah 27 3 (11%) 
Shaqra 16 7 (43.7%) 
Az-Zilfi 19 5 (26.3%) 
Total 266 84 (31.6%) 
TABLE II. Distribution of SEDT titers according to genders. 
Gender No. of samples No. of positive samples 
Male 188 65 (34.6%) 
Female 78 19 (24.3%) 
Total 266 84 (31.6%) 
We wish to thank all horse owners for their assistance in the collection 
of blood samples. 
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New Intermediate Host Records for the Avian Schistosomes Dendritobilharzia 
pulverulenta, Gigantobilharzia huronensis, and Trichobilharzia querquedulae From 
North America 
S. V. Brant, C. A. Bochte, and E. S. Loker, University of New Mexico, Department of Biology, Albuquerque, New Mexico, 87111; 
e-mail: sbrant@unm.edu 
ABSTRACT: Here we provide the first North American report of a 
naturally infected snail, Gyraulus parvus, harboring the larval stages of 
the cosmopolitan, arterial schistosome, Dendritobilharzia pulverulenta. 
The relatively small cercariae of this species are shed in the early 
morning, are sticky, and adhere to the water's surface film. We also 
provide a report of the snail host, Physa gyrina, of the widespread North 
American passerine schistosome, Gigantobilharzia huronensis. Finally, we 
provide unambiguous documentation that Physa gyrina is a natural 
snail host for Trichobilharzia querquedulae, a schistosome primarily of 
dabbling ducks, 
The adult stage in the digenetic trematode life cycle provides the 
essential morphological characters required for specific identification. This 
is true for avian schistosomes (Schistosomatidae), which are the focus of 
this article. Owing to the difficulties of specifically identifying cercariae 
obtained from naturally infected snails, and revealing digenean life cycles 
through experimental infections, our knowledge of the snail hosts for 
adult digenetic trematodes is often incomplete. Comparison of nucleic acid 
sequence data among different life-cycle stages, often collected from 
disparate locations and times, provides an independent means to link adult 
stages with the larval stages. Therefore, inferences about the life cycle and 
transmission can be made without the need to undertake experimental 
infections (e.g" Brant et aI., 2006). Furthermore, use of objective and 
independent molecular data can assist in clarifying instances in which the .' 
original, morphologically based species descriptions were incomplete or 
erroneous, or by highlighting the possibility that cryptic species might exist 
(Detwiler et aI., 2010; Poulin and Leung, 2010). 
Dendritobilharzia pulverulenta is a cosmopolitan freshwater schistosome 
found as adults in the arterial system of aquatic birds (Cheatum, 1941; 
Khalifa, 1976; Vande Vusse, 1979, 1980; Rind, 1989), It is unusual among 
avian schistosomes for its arterial habitat, and for the lack of sexual 
dimorphism in overall adult body shape (Vande Vusse, 1980; Loker and 
Brant, 2006). Dendritobilharzia pulverulenta has been reported often from 
avian hosts, but rarely from snails. In Poland, Khalifa (1976) found that 2 
species of planorbid snails, Anisus vortex and Planorbis planorbis, served 
as the intermediate hosts for D. pulverulenta. He noted that in the wild, 
A. vortex was found infected more commonly than P. planorbis and 
concluded the latter species may either be an accidental host or that the 
parasite is not host specific. He reported coots as naturally infected with 
D. pulverulenta from the same pond from which infected snails were 
collected. In the Americas, Leite et al. (1982) used D. pulverulenta (= 
Dendritobilharzia anatinarum) miracidia from natural infections in ducks 
to expose 4 species of snails, and infected ducks experimentally with 
cercariae from wild snails. In the experimental snail infections, only 
Biomphalaria straminea produced cercariae, whereas Aplexa rivalis, 
Lymnaea columella, and Biomphalaria glabrata did not. This confirmed 
their results from field collections of snails where only B. straminea 
was found to shed cercariae. Rind (1989) in New Zealand exposed 
Potamopyrgus antipodarum, Gyraulus corinna, and Lymnaea tomentosa to 
D. pulverulenta miracidia collected from naturally infected birds, but was 
unable to obtain infections. Until now, there have been no reports of D. 
pulverulenta in either naturally, or experimentally, infected snails in North 
America. 
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Two additional widespread North American species of schistosomes 
are also relatively poorly known with respect to their snail hosts. 
Gigantobilharzia huronensis is found commonly in passerine birds that 
use aquatic habitats, for example, blackbirds and grackles, and was 
found to use Physa gyrina as intermediate hosts in Michigan (Najim, 
1950, 1956) and Iowa (Daniell, 1978). Trichobilharzia querquedulae 
occurs in 3 species of closely related dabbling ducks, Anas clypeata, Anas 
cyanoptera, and Anas discors, and lab reared P. gyrina have been 
infected experimentally with miracidia derived from infected A. 
cyanoptera and A. discors from New Mexico (Brant and Loker, 2009). 
Until now, no wild snails had been found with infections of T 
querquedulae. 
In 2009 and 2010, snails were collected by hand from a pond at the Rio 
Grande Nature Center in Albuquerque (25 July 2009, and 24 April, 19 and 
28 August, and 5 September 2010; 35°07'50.96"N, 106°40'54.80"W); from 
a stream at Mills Canyon Kiowa National Grasslands, New Mexico 
(11 August 2010; 36°4'15.840"N, 104°21'12.480"W); at a small marsh 
at Ft. Union National Monument (11 August 2010; 35°53'55.560"N, 
105°0'58,200''W) in New Mexico; Snail Lake in Minnesota (17 June 2009; 
45°04'06.37"N, 93°07'32.52"W); and a farm pond on San Juan Island in 
Washington State (6 August 2009; 48°33'2L95"N, 123°0S'IL89''W). The 
schistosome cercariae and the snails found shedding cercariae were 
preserved in 95% ethanol and stored at 4 C before analysis. Voucher 
specimens for the cercariae were deposited in the Division of Parasitology, 
Museum of Southwestern Biology, University of New Mexico, Albuquer-
que, New Mexico (accession numbers: D. pulverulenta MSBI87, G. 
huronensis MSBI88, and T querquedulae MSBI86). 
The internal transcribed spacer region (ITS) was used for species 
identification and phylogenetic placement within the Schistosomatidae 
(Vilas et aI., 2005; Brant and Loker, 2009). DNA methods were as 
described in Brant and Loker (2009), Phylogenetic analyses were per-
formed on this data set with the use of maximum parsimony (MP), 
maximum likelihood (ML), and minimum evolution (ME) that were 
carried out in PAUP*. ver 4.0blO (Swofford, 2002). jModeltest was used to 
determine the best-fit nucleotide substitution model for ML and ME 
analyses (Posada, 2008). Parsimony trees were reconstructed with the use 
of heuristic searches (300 replicates). Optimal ME and ML trees were 
determined from heuristic searches (300 replicates for ME, 10 replicates 
for ML). Nodal support was estimated by bootstrap (500 replicates, 10 
addition sequence replicates for MP; 200 replicates for ME and 100 repli-
cates for ML). The following available avian schistosome sequences were 
downloaded from GenBank to compare against our samples: Bilharziella 
polonica (GenBank accession number [GAl EF094539), Allobilharzia 
visceralis (GAs EF071990, DQ067561), Dendritobilharzia pulverulenta 
(GAs EF071988, AY713962), G. huronensis (GAs EF071987, EF071986, 
AY713963), Trichobilharzia brantae (GAs FJl74534, FJl74533), T 
querquedulae (GAs FJl74547, FJ174557), Trichobilharzia physellae (GAs 
FJ174562, FJ174564), TrichobilharziaJranki (GAs A Y713964, A Y713969), 
Trichobilharzia szidati (GAs A Y713972, FJl74538), Trichobilharzia stagni-
colae (GAs FJ174540, FJ174544), and Trichobilharzia regenti (GAs 
EF094533, EF094538). The following undescribed avian schistosomes were 
included (Aldhoun et aI., 2009): Avianschisto spAvDS (GA FJ786029), 
Avianschisto spAvNd (GA FJ786027), SchistosomatidJR2007PllO (GA 
EF094532), SchistosomatidJR2007P17 (GA EF094531), Schistosoma-
tidJR2004 (GA A Y713963). The outgroup taxa for which ITS sequences 
were available were Schistosoma mansoni (GA AF531314), Schistosoma 
haematobium (GA Z21716), Schistosoma mattheei (GA Z21718), and 
Schistosoma guineensis (GA Z21717). 
A small schistosome cercaria with eyespots was obtained in 2009 
and 2010 from a total of 3 Gyraulus parvus from the Rio Grande Nature 
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FIGURE I. (A) Live cercaria from G. parvus on water surface. Scale bar 
= 500 ).1m. (B) Live cercaria from G. parvus. Scale bar = 100 ).1m. 
Measurements are in Table I. 
Center. Cercariae were shed in small numbers (about 5-15 per day) from 
each snail during the early morning hours, and were notable for lying 
motionless, horizontally, on the surface film of the water, often with the tail 
bent (Fig. I). They adhered strongly to pipettes and had a slight bulge at the 
base of the tail stem, a feature shown previously to be indicative of basal 
position in the large clade of avian schistosomes (Brant et aI., 2006). 
Measurements (in micrometers) of ethanol-fixed specimens and compari-
sons to previous reports are outlined in Table I. Based on sequence data 
obtained from the cercariae we collected (GA HMI25958), we identified 
them as D. pulverulenta. The sequence obtained was 99% identical to the 
sequence available in GenBank for D. pulverulenta adults and grouped with 
previously identified individuals (Fig. 2). 
The specimens of D. pulverulenta cercariae from Anisus sp. from Poland 
examined by Khalifa (1976) were attached to the surface of the water with 
the body flexed toward the base of the tail stem, and with the tail hanging 
in the water. They were inactive except in response to sudden movement. 
Although the New Mexico cercariae differed from those described by 
Khalifa (1976) in size (Table I), they were similar in their adherence to the 
surface film, relatively small size, and use of related snail hosts, i.e., Anisus 
and Gyraulus spp. Interestingly, the cercariae describe by Khalifa (1976) 
more closely resemble Bilharziella polonica than D. pulverulenta, a species 
of schistosome that uses P. planorbis as the snail host. In his article, 
Khalifa describes cercariae from both snails, but the measurements are not 
similar (Table I). Furthermore, for the experimental infections, it was not 
clear what cercariae were used to obtain the adult D. pulverulenta in 
domestic ducks. 
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The D. pulverulenta cercariae described from Brazil more closely 
matched our sample (Table I). Leite et al. (1982) described their species as 
D. anatinarum, yet Macko (1959) synonymized D. anatinarum with D. 
pulverulenta, which was later confirmed by Vande Vusse (1980). These 
authors also found several differences between their cercariae and those 
described by Khalifa (1976). Until there are fresh samples collected from 
Brazil, it is hypothesized that the species in Leite et al. (1982) and the one 
reported here are the same. 
Cercariae that subsequently proved to be those of G. huronensis based 
on sequence similarity (GA HMI25957), and general behavior (Najim, 
1956) were collected from P. gyrina from a small pond on San Juan 
Island, Washington State. This is the first confirmed report of this species 
from snails from the west coast. The phylogenetic position of this sample 
is allied with G. huronensis from both naturally infected red-winged 
blackbirds (Brant, 2007) and physid snail hosts (Fig. 2). Many cercariae 
surveys putatively identified cercariae of both D. pulverulenta and 
G. huronensis to species or genus (Laman et aI. , 1984; Rind, 1991; 
Faltynkova et aI., 2008), but no direct links were made to adults, either 
by experimental infection or genetic matching, except in this work and 
that by Khalifa (1976) and Leite et al. (1982). Cercariae identified as 
Trichobilharzia querquedulae on the basis of sequence (GA HM125959) 
were collected from P. gyrina in Snail Lake in Minnesota (Fig. 2). This 
natural infection confirms the experimental infection of Brant and 
Loker (2009) documenting that T querquedulae is able to infect P. gyrina 
naturally. Among avian schistosomes, the cercariae herein (other than 
T querquedulae) are noteworthy for their relatively small size and 
horizontal adherence to the water surface. In addition to Dendritobil-
harzia, this has been noted for schistosome cercariae of Bilharziella, 
Gigantobilharzia, and undescribed cercariae from a marine snail (Brant 
et aI., 2010). 
Planorbid snails (usually species of the smaller sized Gyraulus and 
Anisus of the Planorbini) are so far known to be hosts for 3 species of 
avian schistosomes, i.e., D. pulverulenta, T brantae, and Bilharziella 
polonica, as well as for at least 8 undescribed species (Khalifa, 1972, 1976; 
Brant and Loker, 2009; S. Brant, unpubl. obs.). The Rio Grande Nature 
Center in New Mexico where the infected G. parvus were collected is 
visited by many different species of ducks, as well as Canada and snow 
geese in the late fall and spring. Some of the Canada geese and mallards 
are residents. In the pond sampled, G. parvus has thus far been found 
infected with 4 different species of avian schistosomes, i.e., D. pulverulenta, 
Trichobilharzia brantae, and 2 undescribed species (Brant and Loker, 2009; 
S. Brant, unpubl. obs.). Other avian schistosomes have been found in the 
same pond infecting physids, such as Gigantobilharzia huronensis, T 
physellae, and 2 additional undescribed species (Brant and Loker, 2009; S. 
Brant unpubl. obs.), attesting to the remarkable diversity (much of it yet 
uncharacterized) of avian schistosomes in even an arid state like New 
Mexico. . 
TABLE I. Morphological comparisons of Dendritobilharzia cercariae. Measurements are in micrometers. 
Snail host 
Gyraulus Anisus Planorbis Biomphalaria Biomphalaria 
Reference This article Khalifa (1976) Khalifa (1976) Leite et al. (1982) Leite et al. (1982) 
Preparation method Ethanol Unknown Unknown Formalin Heat killed 
Length body 200-260 (237) ± 27 174-220.4 232-243.6 169-207 (182) 210-257 (232) 
Width body 65-110 (85) ± 17 50-63.8 69.6-81.2 
Length tail 190-250 (214) ± 27 224.8-371.2 371.2 180-219 (198) 183-253 (214) 
Width tail 25-50 (40) ± 8.1 23.3-34.8 23.3-27 
Length furcae 100-150 (122) ± 19 127.6-150.8 127.6 53-74 (66) 84-97 (86) 
Width furcae 15-30 (22) ± 7.5 
Body:tail 0.95-1.4 (1.2) ± 0.17 0.67 0.60 0.9 1.1 
Tail:furcae 1.4-2.1 (\.7) ± 0.25 2.13 2.9 3 2.5 
Flame cells 6+1 6+1 5+1 5+1 
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* 
Schistosoma spp. 
- 0.01 substitutions/site 
* Trichobilharzia querquedulae 
W413 Physa gyrina MN 
99186/100 Trichobilharzia physellae 
Trichobilharzia franki 
97/54/100 
Trichobilharzia franki 
Trichobilharzia regenti 
Trichobilharzia stagnicolae 
Trichobilharzia szidati 
981881100 SchistosomatidJR2007PI10 
SchistosomatidJR2007PI7 
95/96190 
Allobilharzia visceralis 
-190/100 
* 
* 
Trichobilharzia brantae 
Gigantobilharzia huronensis 
W425 Physa gyrina WA 
Avianschisto spAvL 
Dendritobilharzia pulverulenta 
W416 Gyraulus parvus NM 
'--11'---- SchistosomatidJR2004 
* Avianschisto spAvDS 
Avianschistos spAvNd 
'------ Bilharziella polonica 
FIGURE 2, Maximum-likelihood 
(ML) tree based on partial ITSI-5.8S-
ITS2 sequence showing the phyloge-
netic position of the 3 species in this 
study. Samples from this study are in 
bold. Node support is indicated by 
maximum parsimony (MP), minimum 
evolution (ME), and ML bootstrap 
values, respectively. The asterisk de-
notes bootstrap values for all 3 analy-
ses were >97%. 
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Seroprevalence of Toxoplasma gondii in Pigs, Sheep, Goats, and Cattle From Grenada and 
Carriacou, West Indies 
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ABSTRACT: Prevalence of Toxoplasma gondii infection in pregnant 
women in Grenada is considered high. Little is known of the epidemiology 
of T. gondii infection in Caribbean Islands. Serum samples of 750 food 
animals in Grenada and Carriacou were tested for antibodies to T. gondii 
by the modified agglutination test (MAT). Antibodies to T. gondii (MAT, 
I :25 or higher) were found in 23.1 % of 247 pigs, 44.1 % of 204 sheep, 
42.8% of 180 goats, and 8.4% of 119 cattle. Seroprevalence increased with 
age, indicating postnatal acquisition of T. gondii. Antibody titers of 1:200 
or higher were present in 65 of 90 seropositive sheep, 61 of 77 seropositive 
goats, and 23 of 57 seropositive pigs. However, none of the cattle had a 
MAT titer of 1:200, suggesting that bovines are a poor host for T. gondii. 
Results indicate that pigs, sheep, and goats could be important sources of 
T. gondii infection if their meat is consumed undercooked. 
Toxoplasma gondii infections are widely prevalent in humans and other 
animals worldwide (Dubey, 2010). Humans become infected postnatally, 
mainly by ingesting tissue cysts from undercooked meat or from food or 
drink contaminated with oocysts shed in cat feces. Toxoplasma gondii 
infection in humans, especially in women of childbearing age, varies a 
great deal, depending on climate, cultural habits, and animal fauna. The 
prevalence is highest in South America and certain European countries 
and lowest in India, North America, and the United Kingdom (Dubey and 
Beattie, 1988; Tenter et aI., 2000; Dubey, 2010). 
Grenada is located in the eastern Caribbean and is most southern of the 
Windward Islands. It has an area of approximately 344 km2 with a 
population of 90,000. Grenada is divided into 6 parishes. Carriacou Island 
in the Caribbean Sea, is the largest island of the Grenadines an 
archipelago in the Windward Islands chain. The island is 34 km2 a~d a 
dependency of Grenada, with a population of 10,000. 
In a study of 534 pregnant women sampled in 1995 from all 6 
Grenadian parishes, T. gondii antibodies were found in 57%' the 
prevalence increased with age, indicating postnatal exposure (Asthana 
et . aI., .2006). Since this initial report, we have been investigating 
epldermology of T. gondii in animals from Grenada. Antibodies to T. 
gondii were found in 48.5% of 107 dogs (Dubey et aI., 2008), in 30.6% of 
75 pet and 27.7% of 101 feral cats (Dubey et aI., 2009), 0.8% of 238 feral 
rats (Dubey et aI., 2006), and 41.1 % of 102 feral chickens (Dubey et aI., 
2005). Viable T. gondii was isolated from 35 chickens and 1 rat (Dubey 
et aI., 2005, 2006). These studies indicated that T. gondii infections are 
endemic in domestic and free-range animals tested. 
The present study assessed the prevalence of T. gondii antibodies in pigs, 
sheep, goats, an~ cattle raised for human consumption in Grenada, and is 
the first to exarmne T. gondii prevalence in food animals in Grenada. 
Blood samples were collected from 610 food animals from different 
parishes of Grenada and 140 food animals from Carriacou Island 
(Table I). Blood was centrifuged at 3,000 g for 5 min and sera were 
stored at - 20 C in airtight vials until tested. 
Sera were examined for T. gondii antibodies with the modified 
agglutination test (MAT). Twofold serial dilutions were made (1:25 to 
1:3,200) of each sample and tested for T. gondii antibodies as described 
previously (Dubey and Desmonts, 1987). A titer of 1:25 or higher was 
considered indicative of T. gondii exposure based on experimental studies 
in animals (Dubey, 2010). 
Antibodies to T. gondii (MAT, 1:25 or higher) were found in 23.1% of 
247 pigs, 44.1 % of 204 sheep, 42.8% of 180 goats, and 8.4% of 119 cattle 
DOl: IO.I645/GE-2811.1 
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TABLE 1. Seroprevalence of Toxoplasma gondii in food animals from 
Grenada and Carriacou. 
Total No. Percent 
Species Grenada Carriacou tested seropositive positive 
Pigs 247 0 247 57 23.1 
Sheep 95 109 204 90 44.1 
Goats 149 31 180 77 42.8 
Cattle 119 0 119 10 8.4 
(Table I). Titers of 1:200 or higher were present in 65 of 90 seropositive 
sheep, 61 of 77 seropositive goats, and 23 of 57 seropositive pigs; none of 
the cattle were seropositive at the 1:200 serum dilution (Table II). 
In the present study, T. gondii antibodies were found in more than 20% of 
pigs, sheep, and goats. Seroprevalences in these animals were higher in older 
animals, suggesting postnatal acquisition of T. gondii. Previous surveys in 
domestic cats indicated that 29% of cats in Grenada were seropositive to T. 
gondii and the environment is contaminated with oocysts shed by these cats 
(Dubey et aI., 2009). Although we have no data on cats on the premises 
where livestock were raised, infection is likely to be higher in cats because 
44.1 % of sheep, and 42.8% of goats were seropositive and ingestion of 
oocysts is the main source of infection for herbivores. 
In the present study, seroprevalence in cattle was low, and none of the 
animals was positive in 1:200 serum dilution. Cattle are considered a poor 
host of T. gondii, because the parasite has been rarely isolated from 
~aturall~ infected animals (Dubey et aI., 2005; Dubey, 2010). Oral 
moculatIon of cows and calves with high doses of oocysts (Dubey, 1983; 
Dubey et aI., 1985; Dubey and Thulliez, 1993) indicates that cattle T. 
gondii is eliminated o~ drastically reduced in cattle tissues, with some 
animals seronegative during the course in infection. Additionally, none of 
~he se.rol~gical tests has been verified for the detection of latent T. gondii 
~nfectIon m cattle (Dubey et aI., 1985). The Sabin Feldman dye test, which 
IS the most specific test for the detection of T. gondii infection in humans 
gives erratic results with bovine sera (Dubey et aI., 1985). Based o~ 
experimental and natural infections, Dubey et al. (1985) suggested a MAT 
titer of higher than 1: 1 00 for screening of cattle sera for T. gondii infection. 
Viable T. gondii was isolated once from a cow that had a MAT titer of 
1;1,600 (Dubey, 1992). The low MAT titers in cattle in the present study 
suggests exposure, but not persistent infection. Unlike cattle, a titer of 1 :25 
in the MAT is considered specific for the detection of T. gondii in pigs, 
goats, sheep, and other livestock (Dubey, 2010). 
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TABLE II. Seroprevalence of Toxoplasma gondii according to age, titer, and the source of sera. 
No. No. No. positive with MAT titers of 
Species Age (yr) tested positive (%) 25 50 100 200 400 800 1,600 3,200 Area/source* 
Sheep <I 18 0 0 0 0 0 0 0 0 0 NA 
1-2 70 29 (41.4) 6 2 0 4 3 5 5 4 SG (1), SA (11), SD (3), SM (I), C(13) 
2.5-3 40 19 (47.5) I 2 0 3 5 3 2 3 SD (3), SA (7), C (8), SJ (I) 
3.5-4 32 14 (43.8) 2 0 2 I 6 0 I 2 SA (4), C(lO) 
4.5-5 38 23 (60.5) 2 3 4 2 6 3 2 C (23) 
>5 6 5 (83.3) 0 0 0 I 2 0 SA (3), C (2) 
Goats <I 26 11 (42.3) 0 0 2 0 0 4 3 2 SG (5), SD (4), SJ (2) 
1-2 70 27 (38.6) I 3 6 3 7 4 2 SG (6), SD (5), SA (4), SJ (6), SP (6) 
2.5-3 45 22 (48.9) 3 0 2 4 4 3 5 I SG (9), SA (5), SD (2), SP (4), SJ (2) 
3.5-4 15 7 (46.7) 0 0 I I 0 I 2 SG (2), SA (I), SP (2), C (2) 
4.5-5 22 8 (36.4) I 0 4 0 0 SG (I), SD (2), C (5) 
>5 2 2 (100) 0 0 0 0 0 0 SD (I), SP (I) 
Pigs <I 136 13 (9.6) I I 3 2 6 0 0 0 SG (I), SD (4), SA (I), SJ (4), SP (I), SM (2) 
1-2 81 31 (38.2) 8 6 6 4 4 I SG (4), SD (11), SA (7), SM (6), SP (3) 
2.5-3 23 10 (43.4) 3 2 I 2 0 0 SG (5), SD (2), SJ (3) 
4 7 3 (42.8) 3 0 0 0 0 0 0 0 SG (2), SD (I) 
Cattle <I 15 0 0 0 0 0 0 0 0 0 NA 
1-2 37 6 (16.2) 4 2 0 0 0 0 0 0 SM (2), SJ (2), SA (2) 
2.5-4 38 I (2.6) 0 I 0 0 0 0 0 0 SA (I) 
5-6 II 2 (18.2) I 0 0 0 0 0 0 SD (I), SJ (I) 
>6 18 I (5.5) 0 0 I 0 0 0 0 0 SA (I) 
* SG, St. George; SD, St. David; SM, St. Mark; SA, St. Andrew; SJ, St. John; C, Carriacou; SP, St. Patrick. 
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ABSTRACT: Feces were collected from 68 dairy cattle, 1 to 12 mo of age, 
on 12 farms in the municipality of Campos dos Goytacazes, Rio de 
Janeiro, Brazil, and examined for the presence of Cryptosporidium sp. All 
samples were subjected to molecular analysis by polymerase chain reaction 
(nested PCR) of the 18S rRNA. Four positive samples (4.54%) were 
sequenced and identified as Cryptosporidium andersoni. This species 
represents a risk for Brazilian cattle because infection can affect cattle 
productivity. Moreover, C. andersoni is considered a zoonotic species. 
Cryptosporidiosis is a disease caused by a unicellular coccidian of the 
genus Cryptosporidium, which, depending on the species, can parasitize 
humans and other animals, usually affecting epithelial cells in the 
gastrointestinal tract. 
The main clinical sign of cryptosporidiosis in cattle is a profuse watery 
diarrhea that may also be accompanied by anorexia, weakness, depression, 
and fever, which contribute to significant economic losses for producers. 
These symptoms, however, are observed mainly in neonatal, preweaned 
calves infected with Crrptosporidium parvum; a single calf can excrete up 
to 107 oocysts per g- of feces (Fayer et aI., 1998). Such animals are 
responsible for significant contamination of the environment and 
represent a source of infection to other hosts that may have contact with 
these feces directly or indirectly, e.g., consuming foods that were irrigated 
with contaminated waters. Infection in older cattle is usually asymptom-
atic, although in some cases, Cryptosporidium andersoni has been 
associated with gastritis, decrease in milk production, and reduction in 
weight gain (Robinson et aI., 2006). 
Four species are considered common to cattle, C. parvum, Cryptospo-
ridium bovis, Cryptosporidium ryanae, and C. andersoni. Neonates and 
preweaned calves are frequently affected by the pathogenic and zoonotic 
C. parvum, whereas C. bovis and C. ryanae are found in postweaned calves, 
and C. andersoni is most prevalent in mature cattle (Santin et aI., 2004). 
Other Cryptosporidium species and genotypes have been sporadically 
reported in cattle, but they do not have epidemiological significance. 
Due to the risks of zoonotic transmission of cryptosporidiosis and the 
scarcity of molecular studies of this parasitic disease in Brazil, the present 
study was aimed at examining cattle feces from dairy animals from 1 to 
12 mo of age, as well as performing molecular characterization of 
Brazilian isolates and verifying the risks that they may represent in the 
transmission of cryptosporidiosis. 
Sixty-eight fecal samples were randomly obtained from calves between 1 
and 12 mo of age, regardless of signs of diarrhea, on 12 properties located 
in the municipality of Campos dos Goytacazes, in Rio de Janeiro State. 
Feces were collected directly from the rectum using plastic bags and then 
transported in cool boxes (8-10 C) to Laboratorio de Clinica e Cirurgia 
Animal (LCCA) of the Veterinary Hospital, at Universidade Estadual do 
Norte Fluminense Darcy Ribeiro (UENF). 
The samples were cleaned of much fecal debris within 24 hr after 
collection by a flotation technique with sucrose (1.1 giml) to concentrate 
and purify any oocysts that might be present, according to Fiuza et al. 
(2008). The cleaned suspension was subjected to DNA extraction followed 
by nested PCR, which was found to have a diagnostic sensitivity of 10, 40, 
and 80% in samples experimentally contaminated with 10, 100, and 1,000 
oocysts of C. parvum per gram of feces, respectively. 
For DNA extraction, the commercial kit Dneasy Tissue Kit (Qiagen®, 
Valencia, California) was used, with reagents provided by the manufac-
turer. Some changes in the protocol were made in order to increase the 
amount of recovered DNA, i.e., overnight incubation with proteinase K 
and elution in 100 ml of AE buffer (Santin et aI., 2004). 
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PCR and sequencing were performed at the Environmental Microbial 
and Food Safety Laboratory (EMFSL) of the United States Department 
of Agriculture (USDA), located in Beltsville, Maryland. 
The nested PCR protocol used to amplify an 830-bp fragment of the 
SSU rRNA gene was performed according to Santin et al. (2004). Purified 
PCR product was sequenced in both directions using the same primers 
used in the second PCR reaction with 10 0 of BigDye on an ABI 
sequencer model 3100 (Applied Biosystems, Foster City, California). The 
sequences were aligned and analyzed using Lasergene software (DNAS-
TAR, Madison, Wisconsin) and then submitted to the Basic Local 
Alignment Search Tool (BLAST) to identify similarities with sequences 
present in GenBank (Altschul et aI., 1997). 
Four samples (4.54%) were Cryptosporidium positive and were 
identified as C. andersoni from cattle approximately 7 mo of age. The 
nucleotide sequences were submitted to GenBank and can be accessed by 
the number HQ007049. 
The sequencing results of this study revealed the presence of C. 
andersoni (previously known as Cryptosporidium muris in cattle), which 
commonly infects the gastric glands of the abomasum (Lindsay et aI., 
2000). Infections with C. andersoni are usually chronic and asymptomatic. 
Infection can last from months to years with elimination of small numbers 
of oocysts per gram of feces (Anderson, 1991). The 4 positive animals in 
this study appeared healthy, with feces of normal consistency and without 
any clinical signs. 
Most studies of bovine cryptosporidiosis in Brazil are still performed only 
by microscopic techniques. Cardoso et al. (2008) identified the presence of 
90cysts thought to be C. andersoni in 1 (0.1 %) adult animal from cattle in 
Silo Paulo State by microscopy. Pena et al. (1997) in the same state also 
found oocysts of this species based solely on microscopy. In the northern 
region of Rio de Janeiro State, bovine cryptosporidiosis was observed with a 
prevalence of 43.6% in 211 animals (Ederli et aI., 2004), and 61.0% in 100 
calf samples up to 12 mo of age (Almeida et aI., 2008). In the southern 
region of that state, 61.0% of calves aged less than 30 days and 82.5% of 
animals over 30 days were diagnosed as Cryptosporidium sp. positive (Souza 
and Lopes, 1995). In Mjnas Gerais, 19.5% of the calves were found to be 
positive (Garcia and Lima, 1994). Although C. andersoni oocysts appear 
larger than those of other species of Cryptosporidium when observed by light 
microscopy, positive identification of Cryptosporidium species can only be 
confirmed through molecular studies (Santin and Trout, 2007). 
Using molecular methods, a survey of 9 cattle in Silo Paulo revealed the 
presence of C. parvum in 8 samples and C. bovis in 1 sample (Thomaz 
et aI., 2007). Of 56 calves ranging from 1 to 14 days of age from farms in 
the city of Rio de Janeiro, feces were examined by PCR-RFLP using SspI 
and VspI, and 3 calves had infections compatible with C. parvum (its 
nucleotide sequence was deposited in GenBank) (Huber et aI., 2007). 
In other countries around the world, C. andersoni was observed in 19% 
of 142 cattle in Denmark (Enemark et aI., 2002), while the same species 
was diagnosed by PCR-RFLP and sequencing in a 62-day-old calf from 
Georgia (U.S.) (Feng et aI., 2007). Also in the U.S., of 571 dairy cattle 
between 1 and 2 yr of age, 29 (5.1%) were found to be infected with C. 
andersoni (Fayer et aI., 2006). Similarly, Matsubayashi et al. (2008) found 
that 5.9% of the adult cattle were C. andersoni positive. Moreover, they 
suggest that this species is widely distributed in cattle throughout Japan. 
Based on the present report of C. andersoni in Brazil, and the report that 
this species has been found in rivers and lakes at a greater concentration 
than oocysts of C. parvum (Peng et aI., 2003), there is a potential risk of 
dissemination of C. andersoni oocysts through the waters to other regions 
and other animals. The economic loss associated with infection by C. 
an~ersoni has also been negatively associated with dairy production, in 
whIch cows infected with C. andersoni produced significantly less milk 
than uninfected cows (Esteban and Anderson, 1995). The risk of zoonotic 
transmission also should not be minimized, based on molecular diagnosis 
from feces of human patients (Leoni et aI., 2006). 
The authors would like to thank Fundayao de Amparo it Pesquisa do 
Estado do Rio de Janeiro (F APERJ), and Coordenayao de Aperfeiyoa-
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ABSTRACT: The genus Nonnapsylla Wagner, 1938 (Craneopsyllinae) 
includes only 1 species, Nonnapsylla rothschildi Wagner, 1938. Two 
subspecies are recognized by the shape of the dorsal margin of the helmet, 
apical shape of the spines in helmet and genal combs, length of first and 
fourth segments of the maxillary palpus, and shape of the hilla of the 
spermatheca, The validity of the characters used to separate the 2 subspecies 
of Nonnapsylla rothschildi Wagner, 1938 is discussed based on information 
from the literature, as well as from direct observation of type specimens and 
specimens collected in northwestern Argentina. We conclude that 
Nonnapsylla rothschildi wagneri Johnson, 1957 should be considered as a 
synonym of the nominal subspecies. We also extend the southern limits of 
the distribution of the species and report its presence in Argentina. 
Helmeted fleas belong to the Stephanocircidae; they are distinguished 
from other fleas by the division of the anterior portion of the head, which 
forms a "true helmet" with combs along its posterior margin, and by the 
presence of a genal comb (Johnson, 1957; Whiting et ai., 2008). The family 
includes 2 subfamilies with 9 genera and 51 species. Stephanocircinae 
contains only I genus, associated with marsupials from the Australian 
region, while Craneopsyllinae has 8 genera associated with marsupials and 
rodents from South America (Hopkins and Rothschild, 1956; Johnson, 
1957; Whiting et ai., 2008). Nonnapsylla Wagner, 1938 (Craneopsyllinae) 
includes only 1 species, Nonnapsyl/a rothschildi Wagner, 1938; its 
description was on based of 4 females collected from the bird 
Opisthocomus hoazin Illiger, 1811 (Cuculiformes, Opisthocomidae), an 
accidental host from Rio Yapacani, Santa Cruz, Bolivia, The genus is 
differentiated from other Craneopsyllinae based on the helmet, which is 
angled on its anterior margin and divided from the rest of the head only 
dorsally (Wagner, 1938; Hopkins and Rothschild, 1956; Johnson, 1957), 
Johnson (1957) described the subspecies Nonnapsylla rothschildi wagneri 
based on 8 females and 2 males collected from Galea musteloides Meyen, 
1832 (Rodentia, Caviidae) at 2 localities in Peru (Pisacoma and 4 km 
northwest of Pomata, Puno Department); these fleas are distinguished by 
the shape of the dorsal margin of the helmet, the apical shape of the spines 
in the helmet and genal combs, the length of first and fourth segments of 
the maxillary palpus, and shape of the hilla of the spermatheca. 
Beaucournu and Gallardo (1989) reported N r. wagneri based on 
specimens (a male and 3 females) collected on Octodontomys gliroides 
(Gervais and d'Orbigny, 1844) (Rodentia, Octodontidae) and Abrocoma 
cinerea Thomas, 1919 (Rodentia, Abrocomidae) from Iquique, Parnicota 
(Tarapaca Region), Chile. Differences in the phallosome of these 
specimens, compared with those described by Johnson (1957), were 
mentioned, but they were not detailed (Beaucournu and Gallardo, 1991), 
However, the latter authors suggested that the characters used to 
differentiate females of the 2 subspecies were weak and that probably 
N r. wagneri is a synonym of the nominal subspecies. 
Here, we add N rothschildi to the flea fauna of Argentina and analyze 
the strength of the diagnostic characters used in the literature to 
differentiate these subspecies, Fleas were collected at the following 2 
localities in Jujuy Province in northwestern Argentina: Cuesta del Huron, 
29 km west of Cienegiiillas on provincial route 64 (22°06'S, 66°03'W; 
3,835 m, Santa Catalina Department), and Curques, 24 km north of 
Susques, on provincial route 74 (23°16'S, 66°27'W; 4,100 m, Susques 
Department) (Fig. 1). The Jujuy Province is bordered by the Argentine 
province of Salta on the east and south, Bolivia to the north, and Chile to 
the west. The mammal hosts were captured alive, and fleas were collected 
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by examining their pelage, Fleas were fixed in 96% ethanol and prepared; 
they were photographed following conventional techniques for their study 
using light microscopy. Voucher specimens were deposited at the section 
of Annexes of the Coleccion Mamiferos Lillo (CML), Universidad 
Nacional de Tucuman, Argentina. For comparison purposes, the holotype 
and allotype of N r. wagneri, deposited at the Collection of Division of 
Insects of the Field Museum of Natural History (Chicago, Illinois), were 
examined as well as drawn using a microscope equipped with a drawing 
tube; descriptions and figures (Wagner, 1938; Hopkins and Rothschild, 
1956; Johnson, 1957) of the 2 subspecies were analyzed and compared, 
The following 14 specimens of fleas (11 females and 3 males) were 
identified as N rothschildi because they perfectly fit with diagnostic 
characters of the species: Curques, 24 km north of Susques, on provincial 
route 74: 2 females on Eligmodontia puerulus (Philippi, 1896) (Rodentia: 
Cricetidae) (MMD 7974-112); Cuesta del Huron, 29 km west ofCienegiiillas 
on provincial route 64: 1 male on Galea musteloides Meyen, 1832 (Caviidae) 
(CML 7136),7 females and 2 males on Octodontomys gliroides (Gervais and 
d'Orbigny, 1844) (Octodontidae) (2 females on CML 7143-112 and 5 females 
and 2 males on CML7144-117), and 2 females on Phyl/otis xanthopygus 
(Waterhouse, 1837) (Cricetidae) (CML 7969, 7970). 
In these specimens, the following characters, frequently used to 
differentiate the 2 subspecies in the literature, were observed: males and 
females with helmets angled on their dorsal margins, with 10 dorsal spines 
FIGURE 1. Distribution of Nonnapsyl/a, (1) Rio Yapacani (Santa Cruz 
Department), Bolivia; (2) Pisacoma (Puno Department), Peru; (3) 4 km 
NW of Pomata (Puno Department), Peru; (4) Iquique, Parnicota 
(Tarapaca region), Chile; (5) Cuesta del Huron, 29 km west of Cienegiiillas 
on provincial route 64 (Santa Catalina Department, Jujuy), Argentina 
(22°06'S, 66°03'W; 3,835 m); (6) Curques, 24 km north of Susques, on 
provincial route 74 (Susques Department, Jujuy), Argentina (23°16'S, 
66°27'W; 4,100 m). Localities 1 to 4 are written as in the literature; 5 and 6 
were sampled by us, so the geographic coordinates are given as they were 
recorded in the field, 
FIGURE 2. Optical micrographs of specimens of Nonnapsy//a 
rothschildi collected in Argentina; bar = 50 ).lm. (A) Head of the female 
(CML 7144-1). (B) Head of the male (CML 7136). (C) Detail of maxillary 
palpus of the female (CML 7144-1). (D) Spermatheca (CML 7969). (E) 
Detail of maxillary palpus of the male (CML 7144-6). 
in females, and 8 (CML 7136) or 9 (CML 7144-6) in males (CML 7144-7 
with helmet broken); the first spines are rounded, while the latter are 
rather square (Fig. 2A, B); maxillary palpus with the first segment slightly 
longer than the fourth (Fig. 2C, E); genal comb with 5 spines, the first 
rounded apically, while the other 4 are somewhat square (Fig. 2A, B); the 
bulga of the spermatheca rounded (Fig. 2D); ph allosome similar to figure 
and description given by Johnson (1957). 
The distribution of N. rothschildi is known through just a few records 
from Peru (Johnson, 1957) and Chile (Beaucournu and Gallardo, 1989) for 
N. r. wagneri, and from Bolivia for the nominal subspecies (Wagner, 1938). 
Nonnapsylla rothschildi is reported for the first time in Argentina, making 
this country the only one where all 7 genera of Craneopsyllinae have been 
recorded (Autino and Lareschi, 1998; Beaucournu and Castro, 2003; 
Colombetti et aI., 2008). Moreover, this is the first report of cricetid rodents 
associated with Nonnapsylla. The new records of the present study extend 
the southern limits of N. rothschildi to 23°16'S and allow us to refine the 
distributional limits of the species to an area in midwestern South America 
between 23°16' and 16°46'S and 64°30' and 70°11 'W (Fig. 1). 
Our specimens of N. rothschildi fit well with the diagnosis from the 
original description by Wagner (1938), as well as with the characters 
observed in the holotype and allotype of N. r. wagneri. It is notable that 
some characters reported for the type specimens do not coincide with 
those of the original description given by Johnson (1957) as diagnostic 
characters to differentiate the 2 subspecies. For example, in the Argentine 
specimens, the helmet is angled in both males and females, as in the types 
(Fig. 3A, B), but it is not "sharply rounded medially" in females, as 
described by Johnson (1957). Spines of the helmet are variable in the shape 
of their tips-the first ones are rounded, and the last ones are square- in 
accordance with the types (Fig. 3A, B), but they differ from the drawings 
and descriptions given by Johnson (1957, page 64), who said that they are 
"somewhat sinuate, not straight dorsally, the dorsal most spine is sharply 
rounded, not squared as in Wagner's figure." The length of the first 
segment of the maxillary pal pus is slightly longer than the fourth , as in the 
types, and it is not "obviously longer" as expressed by Johnson (1957). 
Spines from the genal comb and hilla of the spermatheca in the Argentine 
specimens are similar to those of the types and agree with the description 
of N. r. wagneri; we maintain that no differences can be observed between 
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FIGURE 3. Drawings of type specimens of Nonnapsy//a rothschildi 
wagneri; bar = 50 ).1m. (A) Holotype. (B) Allotype. 
these specimens and the drawings given by Wagner (1938). Thus, since no 
differences can be found among the characters of N. rothschildi given by 
Wagner (1938) and the types of N. r. wagneri, and both compare favorably 
with the specimens from Argentina, we consider that at least some of the 
diagnostic characters used by Johnson (1957) to differentiate 2 subspecies 
are inadequate. Consequently, we conclude that N. rothschildi is a 
mono typic species and that only I subspecies should be recognized. 
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ABSTRACT: Antibodies to Toxoplasma gondii were found in 92 (9,9%) of 
929 feral raccoons (Procyon lotor) in Japan with the use of the latex 
agglutination test (LAT, 1:64 or higher), Seropositivity varied by 
geographic location, season, and weight of raccoons trapped, Seroprev-
alences in the northern, central, and western areas of Japan were found to 
be 7.9% (39/492), 16.5% (47/285), and 3.9% (61152), respectively. The 
seroprevalence by season varied from 8.5% (13/153) in spring to 18.9% 
(14174) in winter, which was significantly higher than those in other 
seasons (P < 0.05). Seroprevalence of T. gondii was elevated in accordance 
with the increase in body weight of raccoons (rs = 0.9), suggesting that the 
animals acquired the infection postnatally. The results suggest that the 
raccoon may serve as a useful indicator for the distribution of T. gondii in 
peridomestic environments in Japan. 
Toxoplasma gondii infects most warm-blooded animals, including 
humans, and can cause serious illness in animals and humans (Montoya 
and Liesenfeld, 2004; Dubey, 2009). In the past few decades, many 
raccoons (Procyon lotor) were introduced to Japan as pets from North and 
Central Americas, where it is native, but some were released, or escaped 
into the field. They have readily adapted to the environment and expanded 
their habitat in many areas of Japan. They have also caused serious 
damage to the ecology of native wildlife, agricultural products, and 
cultural properties in Japan (Asano et a!., 2003; Ikeda et a!., 2004; Kato 
et a!., 2009). Accordingly, raccoons in Japan are actively exterminated in 
accordance with the Invasive Alien Species Act in 2005. 
Raccoons can serve as a sentinel animal for T. gondii infection in the 
environment because they are omnivores, eat garbage, prey on small animals, 
and virtually eat what humans eat. In North America, a very high prevalence 
ranging from 15 to 100% of T. gondii antibodies were found in feral raccoons 
(Hancock et aI., 2005; Mitchell et aI., 2006), and viable parasites have been 
isolated from raccoons (Dubey et a!., 2008; Dubey, 2009). 
In the present study, seroprevalence of T. gondii infection was 
investigated in raccoons captured from the northern, central, and western 
areas of Japan. Raccoons were captured with the use of live cage traps in 
Hokkaido (northern area; n = 492), Kanagawa and Chiba (central area; 
n= 285), and Wakayama (western area; n = 152) from 2000 to 2009. The 
body weight and sex were determined during evaluations of the physical 
condition of captured animals. The raccoons were classified into 5 groups 
by body weight: <2 kg (n = 110), 2-4 kg (n = 220), 4-6 kg (n = 333), 
6-8 kg (n = 237), and e=:8 kg (n = 29). The number of males and females 
were 436 and 493, respectively. Mter the raccoons were immobilized by 
intramuscular injection of 10 mg/kg of ketamine hydrochloride (Daiichi-
Sankyo Corp., Tokyo, Japan) and 2 mg/kg ofxylazine (Nippon Zenyaku 
Kogyo Corp., Fukushima, Japan), blood samples were aseptically 
collected from a jugular vein, introduced into 2-ml blood-collection tubes, 
and kept at room temperature for I hr. Sera were separated by 
centrifugation at 3,100 rpm (2,070 g) for 10 min, and then were sent to 
the Laboratory of Veterinary Public Health, Department of Veterinary 
Medicine, College of Bioresource Sciences, Nihon University, Fujisawa, 
Kanagawa prefecture, Japan, and stored at - 30 C until testing. 
Antibodies against T. gondii were detected by using a commercial latex 
agglutination test kit (TOXOCHECK-MT 'Eiken', Tokyo, Japan). Briefly, 
25 J.l.I oflatex agglutination buffer was added to each well of aU-shaped 96-
well plate, A volume of 25 JJ.l of 1:8 diluted sera was mixed with an equal 
volume of the buffer in the first well. Twofold serial dilutions were made to a 
I: I ,024 level and then 25' JJ.l of T. gondii-antigen-coated latex beads were 
added to each well. The plate was gently mixed and incubated at room 
temperature for more than 8 hr. The cut-off titer was set at 1:64 according to 
the manufacturer's instructions. Statistical analysis was performed with the 
1Jse of the statistical package StatMate III for Windows, Release 2005 
(ATMS, Corp., Tokyo, Japan). The results obtained were analyzed with the 
use of a chi-square test. Spearman's rank correlation coefficients (rs) were 
calculated to assess the relationship between the body-weight classes of 
raccoons and the corresponding seroprevalence. 
The overall seroprevalence to T. gondii was 9.9% (92/929). There was no 
significant difference in the seroprevalence between males (8.9%; 39/436) and 
females (10.8%; 53/493). Table I shows the seroprevalence and distribution 
of anti-T. gondii antibqdy titers among raccoons in the northern, central, 
and western areas of Japan. The prevalences in the northern, central, and 
western areas were 7.9% (39/492), 16.5% (47/285), and 3.9% (6/152), 
respectively. The seroprevalence in the central area was significantly higher 
than those in other areas (P < 0.001). Although animals with high antibody 
titers (e=:I: 512) were found in the central (n = 8) and western areas (n = I), 
no animals with high titers were observed in the northern area. 
In the only previous survey of T. gondii in raccoons in Japan (Matoba 
et a!., 2002), the seroprevalence was reported to be 13.7% (34/248) in 
Hokkaido, which is higher than that observed in the present study. This 
TABLE I. Seroprevalence and distribution of Toxoplasma gondii antibody titers in raccoons from three local areas of Japan. 
Area (Prefecture) 
Northern (Hokkaido) 
Central (Kanagawa and Chiba) 
Western (Wakayama) 
Total 
* The cutoff titer was set at 1 :64. 
t p < 0.001. 
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No. of animals examined 
492 
285 
152 
929 
No. (%) of positive animals ';;1:32 
39 (7.9) 15 
47 (16.5)t 6 
6 (3.9) 3 
92 (9.9) 24 
956 
No. of animals with titers of 
64* 128 256 e=:1:512 
25 11 3 0 
17 13 8 9 
2 2 I 
44 26 12 10 
TABLE II. Seroprevalence of T. gondii in raccoons by season. 
Season* 
Winter 
Spring 
Summer 
Autumn 
No. of animals examined 
74 
153 
451 
251 
No. (%) of positive animals 
14 (18.9)t 
13 (8.5) 
42 (9.3) 
23 (9.2)*2 
* Seasons defined in this study were as follows: Winter: December, January, and 
February; spring; March, April, and May; summer; June, July, and August; 
autumn; September, October, and November. 
t p < 0.05 
30 
p<o.os 
25 
~ 20 8 
.Ii 
I 15 
10 
<2kg 2to'kg 4to 6 kg 6toSkg ~8kg 
FIGURE 1. Relationship between seroprevalence of Toxoplasma gondii 
and body weight of raccoons; infection is significantly elevated in raccoons 
with increasing body weight (P < 0.05, rs = 0.9). 
may be related to the difference of sample size, capture area, and/or year 
of collection. In a Canadian study, age, geographic location, and the year 
were important variables for T. gondii seroprevalence in raccoons (Hwang 
et ai., 2007). In the present study, the seroprevalence of T. gondii in 
animals from the central area of Japan was higher than those of the other 
2 localities examined. The central area is more urban than in the west or 
north of Japan. It has been reported that many raccoons are captured in 
human residential areas, indicating a high density of the animals (Kato 
et ai., 2009). Furthermore, more stray cats live in the central area than the 
other 2 areas. 
The seroprevalence by season was 18.9% in winter, 8.5% in spring, 9.3% 
in summer, and 9.2% in autumn (Table II). The prevalence in winter was 
significantly higher than in other seasons (P < 0.05). Seroprevalence was 
6.4% for animals weighing <2 kg, 4.1% for 2 to <4 kg, 9.0% for 4 to 
<6 kg, 16.0% for 6 to <8 kg, and 27.6% for ~8 kg, and significantly 
correlated in raccoons according to weight (Fig. 1; P < 0.05, rs = 0.9). 
Sexually mature female raccoons deliver 1-7 offspring in early spring; 
growth is exceedingly rapid, with body weight of juveniles reaching almost 
the same body weight as adults by the following winter (Asano et ai., 
2003). The seroprevalence of T. gondii in adult raccoons tended to be 
higher than in young animals (Hill et aI., 1998; Mitchell et aI., 1999; 
Hwang et ai., 2007). This would be expected, because adults have been 
exposed to infection for a longer period of time. 
The raccoon is an omnivorous animal associated primarily with aquatic 
and peridomestic habitats and may be exposed to a variety of sources of 
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infection, including rodents, birds, carrion, and soil containing oocysts of 
T. gondii. The data obtained here suggest that raccoons may serve an 
useful indicator for monitoring the contamination of T. gondii in 
peridomestic environments in Japan. 
This work was supported in part by a Grant for Strategic Research Base 
Development Program, international research on epidemiology of 
zoonoses and training for young researchers, from the Ministry of 
Education, Culture, Sports, Science and Technology, and also supported 
in part by a Grant-in-Aid from the Ministry of Health, Labor and 
Welfare, Japan. 
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ABSTRACT: The parasitic nematode Myrmeconema neotropicum infects 
workers of the neotropical arboreal ant Cephalotes atratus. Infected ants 
exhibit altered behavior, e.g., reduced aggression and slower tempo, as 
well as physical traits, e.g., gaster changes from shiny black to bright red, 
These changes are thought to induce fruit mimicry and attract frugivorous 
birds, which are the presumed paratenic hosts for the nematodes. We used 
respirometry to measure the energetic costs of nematode infection, testing 
the prediction of higher metabolic rates for infected workers maintaining 
both ant and nematode biomass. Contrary to this prediction, infected 
workers had lower mass-specific metabolic rates than uninfected workers. 
Parasites are limited to the gasters (abdomens) of adult ants, and infected 
gasters had 57% more mass, but 37% lower metabolic rates, compared to 
uninfected gasters. These results use a metabolic currency to measure, in 
vivo, the energetic costs of parasitism, and they shed light on the complex 
co-evolutionary relationship between host and parasite. 
Social insects are especially vulnerable to parasites due to the intricacies 
of colony life (Schmid-Hempel, 1998; Moret and Schmid-Hempel, 2000; 
Hughes, 2002; Cremer et aI., 2007). A striking social insect parasite is the 
nematode Myrmeconema neotropicum, which parasitizes the tropical 
arboreal ant Cephalotes atratus. The nematode manipulates ant behavior 
and physiology, presumably to transform ants into fruit mimics and 
attract frugivorous birds that are the likely paratenic hosts for the 
nematodes (Poinar and Yanoviak, 2008; Yanoviak et aI., 2008). We used 
this model system to examine the energetic costs of parasitism. 
Specifically, we quantified the metabolic demands of nematode parasites 
developing within C. atratus workers. 
The eggs of M. neotropicum enter C. atratus nests via infected bird feces 
that foraging workers feed to developing ant larvae. Infected larvae have 
reduced growth, and, by the time they pupate, they are laden with 
reproductively mature nematodes living in their gasters (bulbous posterior 
portion of the abdomen), where they mate. After infected ants eclose, 
female nematodes begin egg production and gradually reorganize the ants' 
gasters, changing the color from shiny black to bright red, weakening the 
attachment to the postpetiole, and causing some internal organs, e.g., the 
ventral nerve cord, to atrophy, while leaving others intact, e.g., the 
alimentary canal (Poinar and Yanoviak, 2008; Yanoviak et aI., 2008). The 
nematodes simultaneously change the behavior of their hosts, reducing 
ant aggression and tempo, causing them to maintain their gasters in 
a relatively elevated position, i.e., gaster flagging, and limiting the 
production of defensive pheromones (Yanoviak et aI., 2008). As infected 
workers age, they become foragers outside the nest (Com, 1980), and 
their gasters, filled with hundreds of nematode eggs, become redder, 
coordinating peak redness and infectiveness with potential exposure to 
avian frugivores (S. P. Yanoviak, pers. obs.). 
The principal goal of the present study was to provide a preliminary 
estimate of the metabolic cost of this symbiosis to the host. To do so, we 
measured the contribution of parasites to worker mass, and then tested the 
prediction that infection stimulates higher metabolic rates, assuming the 
living biomass added by the parasite increases the energy demands of the 
host. We first compared the metabolic rates of infected and healthy 
workers. We then controlled for potential behavioral effects by comparing 
the energy demands of excised nematode-laden and healthy gasters that 
did not move but that continued to respire. 
We collected infected and uninfected C. atratus workers in June 2010 on 
Barro Colorado Island, Panama (9°09 'N, 79° 51 'W), a lowland tropical 
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forest managed by the Smithsonian Tropical Research Institute (Leigh 
et aI., 1996). We harvested both types of workers from a single large 
infected colony and maintained them on sugar water until respirometry 
experiments were performed (within a week of capture). 
We conducted constant volume respirometry and recorded metabolic 
rate (0 COz hr- I, hereafter, VCOz) using equipment from Sable Systems 
International (SSI, Las Vegas, Nevada). Before all trials, we zeroed a CA-
10 COz analyzer (accuracy of 1 %, resolution of 0.00001 %) using N z gas 
and then spanned the analyzer with a gas of known COz concentration 
(1,200 ppm COz in N z ± 1 %). For each trial, we placed individual workers 
in chambers attached to an RM8 multiplexer; 6 contained single ants, and 
1 remained empty as a control. Hourly COz values from the empty 
chamber were subtracted from all experimental chambers to correct for 
extrinsic COz. Respirometry chambers for individual ants were lO-ml 
syringe barrels fitted with rubber stoppers, which were cleaned with 95% 
EtOH between trials. To establish baseline measures of ant respiration, we 
passed air scrubbed of COz through tubing affixed to the eighth position 
on the multiplexer between each experimental trial. 
We first scrubbed incurrent air ofHzO and COz using a drierite/ascaritel 
drierite column (Lighton, 2008) at a flow rate of 50 ml min-I. Flow was 
generated with an SS-3 subsampler pump and regulated by a 200 ml min-I 
Sierra valve connected to an MFC unit. We then scrubbed this air by a 
second drierite/ascarite/drierite column and sent it to the multiplexer, which 
was progranuned to switch between chambers using SSI Expedata software. 
Ambient temperature was continuously recorded adjacent to respirometry 
chambers using a Thermistor cable. All equipment was interfaced with a 
computer using a SSI UI-2 control module. 
We placed ants individually in chambers containing air scrubbed free of 
COz as described previously. After -I hr, we flushed the air out of chambers 
for 200 sec at 50 ml min-I, passed it through a lO_cm3 column of magnesium 
perchlorate (ClzMgOs) to remove any remaining moisture, and then sent it to 
the COz analyzer. We ran trials for 6 hr, yielding 6 measurements per 
chamber. The first hour of data included extrinsic COz and was never used. 
Thereafter, ants were 'generally inactive, and COz readings stabilized at a 
lower value (Lighton, 2008). Each data point was the mean of 5 hourly 
respiration measurements of a single ant taken during this time. 
Following the worker measurements, we removed gasters with a scalpel 
and sealed the attachment point to the postpetiole with a small drop of nail 
polish, We then froze the rest of the worker. Cephalotes atratus gasters have 
spiracles, and preliminary trials indicated that the gasters continued to 
respire normally during subsequent measurements. We returned these 
gasters to the respirometry chambers and recorded a second set of 
measurements as before. After these trials, we froze all ant tissue, dried it 
at 60 C for 24 hr, and weighed it to the nearest 0.1 mg. Because the parasite 
dramatically increases the mass of infected workers while decreasing overall 
body size (Yanoviak et aI., 2008) (Table I), we also estimated the size-
specific energy demands of ants using worker head width (HW) as a body 
size metric. We measured HW behind the eyes, between the vertex spines 
(see Yanoviak et aI., 2008) using a stereoscope equipped with an ocular 
micrometer. Cephalotes atratus HW is strongly correlated to other body size 
metrics that have lower repeatability, e.g., appendage lengths, mesosoma 
length, and gaster dimensions (S. Yanoviak, unpubi. obs.). Because of the 
counterintuitive effects of the parasite on host body size and mass, 
comparison of metabolic rates based on HW enabled us to separate the 
metabolic cost of the parasite from that of its host. 
We used SSI ExpeData software to subtract the empty chamber COz from 
each experimental measurement and correct for small variations in flow rate 
(±O.l mlmin- I). We then used this software to generate the variable VCOz by 
transforming COz measurements from ppm to 0 hr -I and integrating these 
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TABLE I. Average (± SE) size (wet mass and HW) and metabolic rate of infected (n = 6) and uninfected (n = 8) C. atratus used in the study. HW = head 
width behind the eyes, MRmass = mass-specific metabolic rate, MRHW = size-specific metabolic rate, Z = Wilcoxon score. 
Infected Uninfected Z P 
Whole ant 
Mass (mg) 35.8 (3.63) 21.9 (3.14) 2.78 0.006 
HW (mm) 2.2 (0.13) 2.5 (0.12) 2.07 0.038 
MRmass (VC02 ·mg- 1) 0.50 (0.102) 1.04 (0.088) 2.90 0.004 
MRHW (VC02 ·mm- 1) 4.82 (0.513) 6.67 (0.444) 2.13 0.033 
Gaster only 
Mass (mg) 13.5 (1.37) 4.8 (1.19) 3.04 0.002 
MRmass (VC02 ·mg- 1) 0.28 (0.128) 0.80 (0.111) 2.78 0.006 
MRHW (VC02 ·mm- 1) 1.73 (0.204) 1.29 (0.177) 1.23 0.220 
values for trial intervals. VC02 measurements were standardized to 25 C 
assuming QIO = 2 (Lighton, 2008). However, temperature corrections were 
minimal; the average (±ISD) of 30 hourly temperature measurements was 
21.70 ± 0.56 C, with a range of 20.70 to 23.19 C. We used nonparametric tests 
for all analyses due to small sample sizes. 
Infected workers were smaller than healthy workers based on HW, but 
they were heavier due to the parasite mass in their gasters (Table I; cf. 
Yanoviak et ai., 2008). Contrary to our prediction, infected workers had 
lower mass- and size-specific metabolic rates than uninfected workers 
(Table I). Both mass- and size-specific results for isolated gasters further 
indicated that the metabolic demands of parasite eggs were minimal at this 
stage of their development (Table I). 
In combination, our mass- and size-specific results show that gravid 
nematodes, laden with hundreds of eggs, added substantial mass to the 
gasters of their infected hosts without significantly increasing host energy 
demands. These results corroborate and clarify aspects of the nematode 
life cycle described elsewhere (Poinar and Yanoviak, 2008; Yanoviak 
et ai., 2008). Specifically, our results suggest that the majority of M. 
neotropicum development occurs in larval C. atratus workers, where they 
feed on hemolymph and other tissues, compromising ant growth and likely 
exacting metabolic costs. However, as the nematode eggs reach peak 
infectiveness in adult ants (coinciding with maximum gaster redness), they 
become quiescent and use little energy. Size-specific gaster results suggest 
that the slight (but non-significant) increase in metabolic rate attributed to 
the parasite could be measured given a larger sample size. 
Parasites impart energetic costs on their hosts due to direct consumption of 
tissues and altered physiology (Connors and Nickol, 1991; Booth et aI., 1993; 
Lettini and Sukhdeo, 2010). However, the costs associated with each of these 
mechanisms are difficult to decouple in vivo (Thompson, 1986). Parasites are 
known to reduce worker size or induce color changes in other ant species 
(Lee, 1957; Passera, 1976; Stuart and Alloway, 1988; Trabalon et al., 2000). 
However, M. neotropicum provides a unique opportunity to contrast the 
direct and indirect energetic costs of parasitism because it alters both the 
behavior and morphology of its host in measureable ways. Infected workers 
have slower tempos than uninfected nestmates (Yanoviak et al., 2008), but 
our results suggest that worker behavior is not driving energetic differences. 
Specifically, recordings from excised (immobile) gasters indicate that 
differences in respiration rates between infected and uninfected ants are due 
to effects of the parasite on ant mass and body size. 
We used worker mass and HW to quantify parasite effects on ant size 
because these variables are easily measured and tend to have high 
repeatability. However, future investigations may provide more precise 
measures of metabolic costs (or the lack thereof) by dissecting the parasite 
mass out of the host and weighing each independently. Similarly, 
quantification of respiration rates across all stages of nematode and ant 
development would be an informative extension of this work. 
The physiological mechanisms employed by parasites to extract 
metabolic fuel from their hosts remain largely unknown, in part because 
they are difficult to isolate and measure (Thompson, 1986; Lettini and 
Sukhdeo, 2010). A complete understanding of the mechanisms generating 
the observations in this study will require more detailed investigation, 
perhaps using parasitized ant colonies maintained in the laboratory. 
Regardless of the underlying mechanisms, our results illustrate the way in 
which a metabolic approach can improve our understanding of the 
complex relationships that exist between parasites and their hosts. 
We thank Oris Acevedo, Belkys Jimenez, and the staff of the 
Smithsonian Tropical Research Institute for logistical support. This 
project was funded by the National Science Foundation under the grants 
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ABSTRACT: DNA samples from 737 tick pools, representing 6,850 
Haemaphysalis longicornis and 51 Dermacentor nuttalli collected from 
Hebei Province, China, were analyzed by polymerase chain reaction (PCR) 
for the presence of spotted fever group Rickettsia. Fifty (6.9%) of 724 H. 
longicornis in the tick pool were positive, but no positive samples were found 
in 13 D. nuttalli. Sequence analysis of the partial outer membrane protein A 
(ompA) genes from the 10 positive samples showed 97.4-99.8% identity, but 
were different from the homologous sequence of Rickettsia previously 
deposited in GenBank. Phylogenetic analysis of ompA genes indicated that 
the Rickettsia detected in this study belonged to a novel haplotype, and 
formed a clade distinct from Rickettsia heilongjiangii, Rickettsia sibirica, 
and Rickettsia hulinii in China, The new strain, named Candidatus 
Rickettsia hebeiii, appears to represent a distinct lineage and could 
constitute a new species with a minimum prevalence of about 0,7% in H. 
longicornis from Hebei Province, China, 
Tick-borne rickettsioses are caused by gram-negative, intracellular 
bacteria of the spotted fever group (SFG) in the genus Rickettsia, and are 
recognized as emerging vector-borne diseases worldwide (Rizzo et aI., 2004; 
Walker et aI., 2008), The clinical signs include fever, headache, eruption, 
and incidental eschar formation at the site of tick bites (Kaabia and Letaief, 
2009). In China, many SFG Rickettsiae belong to Rickettsia sibirica, 
including 2 subspecies, i.e., R. sibirica sibirica, the agent of North Asian 
tick typhus detected in Dermacentor silvarum and Dermacentor sinicus in 
northern China, and Rickettsia sibirica mongolotimonae, the agent of 
lymphangitis-associated rickettsiosis isolated from Hyalomma asiaticum 
in Inner Mongolia (Yu et aI., 1993; Zhang et aI., 2006). Rickettsia 
heilongjiangensis, first isolated from D. silvarum ticks in Heilongjiang 
Province, can cause spotted fever in humans (Fournier et aI., 2003; Jiao 
et aI., 2005). Rickettsia hulinii was first isolated from Haemaphysalis concinna 
in Heilongjiang Province, but its pathogenic role in humans has not been 
demonstrated (Zhang et aI., 2000). These rickettsiae are usually associated 
with ixodid ticks, which act as both vectors and reservoirs (Azad and Beard, 
1998). Some SFG rickettsiae detected or isolated from ticks only, and 
initially considered potential pathogens, were later recognized as emerging 
pathogens, and some novel rickettsiae of unknown pathogenicity have also 
been documented in ixodid ticks (Shpynov et aI., 2003; Rolain et aI., 2006; 
Sreter-Lancz et aI., 2006). The present study reports the presence of a novel 
Rickettsia species in Haemaphysalis longicornis in China. 
The study was performed in rural areas of Qinghuangdao (39°56'N, 
119°36'E), Zhangjiakou (40046'N, 114°56'E), Tangshan (39°37'N, 
118°11'E), Baoding (38°10'N, 113°40'E), and Chengde (40011'N, 
115°54'E) in Hebei Province, China from April 2008 to May 2010. Ticks 
were collected by dragging vegetation or directly removed from sheep or 
hedgehogs. All the specimens were stored in 95% ethanol and later 
identified to the species level by standard guides (Chen et aI., 2010). 
Ticks were pooled prior to DNA extraction. The pools consisted of2-10 
ticks of 1 species collected from the same site. DNA extraction was 
performed as described elsewhere (Fyumagwa et aI., 2009). Briefly, the 
ticks were disinfected in 70% ethanol for 10 min, rinsed with sterilized 
distilled water, placed in a microtube, and mechanically disrupted with 
sterile scissors in 50 III DNA extract buffer (10 mM Tris pH 8.0, 2 mM 
ethylenediaminetetraacetic acid [EDT AJ, 0.1 % sodium dodecyl sulfate, 
and 500 Ilg of proteinase K per milliliter). The sample was incubated at 
DOl: lO.1645/GE-275L1 
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56 C for 4 hr, then boiled at 100 C for 10 min to inactivate proteinase K. 
After centrifugation, the supernatant was transferred to a fresh micro tube 
and DNA was purified by extracting twice with an equal volume of 
phenol-chloroform, which was then stored at -20 C until use. 
A polymerase chain reaction (PCR) was performed with the use of 
primers (5'-ATGGCGAATATTTCTCCAAAA-3'; 5'-GTTCCGTTA-
ATGGCAGCATCT-3') designed to amplify the outer membrane protein 
A (ompA) gene of Rickettsia sp. as described previously (Matsumoto et aI., 
2007). Distilled water instead of tick DNA template was used as a negative 
control, and DNA from H. longicornis ticks infected with SFG Rickettsia 
was used as a positive control. 
PCR products were purified and sequenced. The sequences obtained 
were compared with previously published sequences deposited in 
GenBank with the use of BLAST, and phylogenetically analyzed. A 
phylogenetic tree was constructed with the use of the neighbor-joining 
algorithm of Phylip 3.69 software with Kimura 2-parameter model. 
A chi-square test was used to compare spotted-fever group Rickettsia 
prevalences in ticks from different sampling sites. The difference was 
considered statistically significant when P < 0.05. Statistical analysis was 
performed with the use of SPSS v. 11.0 software (SPSS, Chicago, Illinois). 
In the 8,454 ticks collected, 2 species, H. longicornis and D. nuttalli, were 
identified based on morphological characters; H. longicornis predominated 
in Hebei Province, accounting for 98.9% of the ticks collected. Species and 
regional distribution of ticks are shown in Table I. 
The DNA samples from 737 tick pools, representing 6,850 H. 
longicornis and 51 D. nuttalli collected from Zhangjiakou, Tangshan, 
Qinhuangdao, and Baoding Cities of Hebei Province, were analyzed by 
PCR for the presence of SFG Rickettsia. There were 50 (6.9%) of 724 H. 
longicornis pools, which came from Zhangjiakou (15), Tangshan (25), and 
Qinhuangdao (10) that tested positive, but no positive samples were found 
in 13 D. nuttalli (Table I). No significant difference was found among 
prevalences of spotted fever group Rickettsia in Zhangjiakou, Tangshan, 
and Qinhuangdao (P > 0.05). 
Sequence analysis of the 10 positive samples, including 5 from Tangshan 
(TS-I, TS-2, TS-3, TS-4, and TS-5), 3 from Qinhuangdao (QHD-l, 
QHD-2, and QHD-3), and 2 from Zhangjiakou (ZJK-l and ZJK-2) 
showed 97.4-99.8% identity, and the predicted amino acid sequences 
TABLE I. Tick samples and infection rates of spotted fever group Rickettsia 
in Hebei Province, China. 
No. of No. of No. of 
collected examined No. of posItIve 
Tick species Region ticks ticks pools pools (%) 
Haemaphysalis Zhangjiakou 2,575 2,025 225 15 (6.7) 
longicornis Tangshan 2,987 2,520 315 25 (7.9) 
Qinghuangdao 1,934 1,515 130 10 (7.7) 
Baoding 523 510 34 0 
Chengde 348 280 20 0 
Subtotal 8,367 6,850 724 50 (6.9) 
Dermacentor Zhangjiakou 6 3 0 
nuttalli Qinghuangdao 81 48 12 0 
Subtotal 87 51 13 0 
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FIGURE I. Phylogenetic tree for partial OmpA gene sequences of Rickettsia spp. constructed by the neighbor-joining method with the use of the 
Phylip program. The neighbor-joining consensus tree used 1,000 bootstrap replicates. The number represents bootstrap values. The Rickettsia species, 
GenBank accession number, and the country are included. 
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showed 95.4--99.5% identity. The sequences were different from the 
predicted amino acid sequences for rickettsiae previously deposited in 
GenBank, but closest to that of Rickettsia sp. from Fujian Province, 
China (AFI69629). The DNA sequences of this study were submitted to 
GenBank, where they received the following accession numbers: 
HQ651815, HQ651816, HQ651817, HQ651818, HQ651819, HQ651820, 
HQ651821, HQ651822, HQ651823, and HQ651824. Phylogenetic analysis 
indicated that Rickettsia sp. detected in ticks from Hebei Province, China 
belonged to a novel haplotype. They and the Fujiang strain (AFI69629) 
formed a clade distinct from Rickettsia heilongjiangii in China. Based on 
the phylogenetic analysis, the new agent, named Candidatus Rickettsia 
hebeiii, appears to represent a distinct lineage and could constitute a new 
species (Fig. I). As there were 50 positive pools, there must have been at 
least 50 infected ticks among the 6,850 investigated, giving a minimum 
prevalence of about 0.7% for Candidatus R. hebeiii in H. longicornis. 
This study was supported by Hebei Province Science and Technology 
Department in China (No.07276916), and "Gold Idea" Foundation of 
Institute of Military Veterinary, Academy of Military Medical Sciences 
(No. YCX0901), Changchun, Jilin Province, China. 
LITERATURE CITED 
AzAD, A. F., AND C. B. BEARD. 1998. Rickettsial pathogens and their 
arthropod vectors. Emerging Infectious Diseases 4: 179-186. 
CHEN, Z., X. YANG, F. Bu, X. YANG, X. YANG, AND J. LIU. 2010. Ticks 
(Acari: Ixodoidea: Argasidae, Ixodidae) of China. Experimental and 
Applied Acarology 51: 393-404. 
FOURNIER, P. E., J. S. DUMLER, G. GREUB, J. ZHANG, Y. Wu, AND D. 
RAOULT. 2003. Gene sequence-based criteria for identification of new 
rickettsia isolates and description of Rickettsia heilongjiangensis sp. 
nov. Journal of Clinical Microbiology 41: 5456-5465. 
FYUMAGWA, R. D., P. SIMMLER, M. L. MEL!, R. HOARE, R. HOFMANN-
LEHMANN, AND H. LUTZ. 2009. Prevalence of Anaplasma marginale in 
different tick species from Ngorongoro Crater, Tanzania. Veterinary 
Parasitology 161: 154--157. 
JIAO, Y., B. WEN, M. CHEN, D. NIU, J. ZHANG, AND L. QIU. 2005. Analysis of 
immunoprotectivity of the recombinant OmpA of Rickettsia heilong-
jiangensis. Annals of the New York Academy of Sciences 1063: 261-265. 
DATE OF PUBLICATION 
Volume 97, No.5, was mailed 3 October 2011 
KAABIA, N., AND A. LETAIEF. 2009. Characterization of rickettsial diseases 
in a hospital-based population in central Tunisia. Annals of the New 
York Academy of Sciences 1166: 167-171. 
MATSUMOTO, K., P. PAROLA, J. M. ROLAIN, K. JEFFERY, AND D. RAOULT. 
2007. Detection of "Rickettsia sp. strain Uilenbergi" and "Rickettsia 
sp. strain Davousti" in Amblyomma tholloni ticks from elephants in 
Africa. BMC Microbiology 7: 74--79. 
RIZZO, M., P. MANSUETO, G. DI LORENZO, S. MORSELL!, S. MANSUETO, AND 
G. B. RINI. 2004. Rickettsial disease: Classical and modern aspects. 
New Microbiology 27: 87-103. 
ROLAIN, J. M., E. MATHAI, H. LEPIDI, H. R. SOMASHEKAR, L. G. MATHEW, 
J. A. PRAKASH, AND D. RAOULT. 2006. "Candidatus Rickettsia kellyi," 
India. Emerging Infectious Diseases 12: 483-485. 
SHPYNOV, S., P. E. FOURNIER, N. RUDAKOV, AND D. RAOULT. 2003. 
"Candidatus Rickettsia tarasevichiae" in Ixodes persulcatus ticks 
collected in Russia. Annals of the New York Academy of Sciences 
990: 162-172. 
SRETER-LANCZ, Z., Z. SZELL, G. KOVACS, L. EGYED, K. MARIAL!GETI, AND 
T. SRETER. 2006. Rickettsiae of the spotted-fever group in ixodid 
ticks from Hungary: Identification of a new genotype ('Candidatus 
Rickettsia kotlant). Annals of Tropical Medicine and Parasitology 
100: 229-236. 
WALKER, D. H., C. D. PADDOCK, AND J. S. DUMLER. 2008. Emerging and 
re-emerging tick-transmitted rickettsial and ehrlichial infections. 
Medical Clinics of North America 92: 1345-1361. 
Yu, X., Y. JIN, M. FAN, G. XU, Q. LIU, AND D. RAOULT. 1993. Genotypic 
and antigenic identification of two new strains of spotted fever group 
rickettsiae isolated from China. Journal of Clinical Microbiology 31: 
83-88. 
ZHANG, J. Z., M. Y. FAN, Y. M. Wu, P. E. FOURNIER, V. Roux, AND D. 
RAOULT. 2000. Genetic classification of "Rickettsia heilongjiangii" 
and "Rickettsia hulinii," two Chinese spotted fever group rickettsiae. 
Journal of Clinical Microbiology 38: 3498-3501. 
ZHANG, L., J. JIN, X. Fu, D. RAOULT, AND P. E. FOURNIER. 2006. Genetic 
differentiation of Chinese isolates of Rickettsia sibirica by partial 
ompA gene sequencing and multispacer typing. Journal of Clinical 
Microbiology 44: 2465-2467. 
" " "",J Paper from responsible 80Urces :!:.~~ FSC" C006300 
MIX 
CONTENTS 
THE JOURNAL OF PARASITOLOGY 
VOL. 97, NO.5 OCTOBER 2011 
DEVELOPMENT 
Sporulation and Survival of Toxoplasma gondii Oocysts in Different Types of Commercial Cat Litter. J. P. DUBEY, 
L. R. FERREIRA, J. MARTINS, and J. L. JONES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 751 
ECOLOGY-EPIDEMIOLOGY-BEHAVIOR 
Polypocephalus sp. Infects the Nervous System and Increases Activity of Commercially Harvested White Shrimp (Litope-
naeus setiferus). NADIA CARREON, ZEN FAULKES, and BRIAN L. FREDENSBORG . . . . . . . . . . .. . . . . . . . . . . . . . 755 
Spatio-Temporal Dynamics of Gastrointestinal Helminths Infecting Four Lake Whitefish (Coregonus dupeaformis) Stocks 
in Northern Lakes Michigan and Huron, U.S.A. MOHAMED FAISAL, WALIED FAYED, ABDELAZIZ NOUR, and 
TRAVIS BRENDEN............. ............................................. ..................... 760 
Do Heavy Burdens of Schistocephalus solidus in Juvenile Threespine Stickleback Result in Disaster for the Parasite? 
DAVID C. HEINS and JOHN A. BAKER. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 775 
Structure of Parasite Component Communities of Didelphid Marsupials: Insights From a Comparative Study. F. AGUSTIN 
JIMENEZ, FRANC::orS CATZEFLIS, and SCOTT L. GARDNER. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 779 
Complex Interactions Among a Nematode Parasite (Daubaylia potomaca), a Commensalistic Annelid (Chaetogaster limnaei 
limnaei), and Trematode Parasites in a Snail Host (Helisoma anceps). MICHAEL R. ZIMMERMANN, KYLE E. LUTH, 
and GERALD W. ESCH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 788 
ECTOPARASITOLOGY 
Peromyscus maniculatus, a Possible Reservoir Host of Borrelia garinii From the Gannet Islands Off Newfoundland and 
Labrador. ERIC M. BAGGS, STEPHANIE H. STACK, JEAN R. FINNEY-CRAWLEY, and NEAL P. P. SIMON. . . . . . . . 792 
Laelapid Mites (Parasitiformes: Gamasida), Parasites of Akodon philipmyersi (Rodentia: Cricetidae) in the Northern Cam-
pos Grasslands, Argentina, with the Description of a New Species. MARCELA LARESCHI. . . . . . . . . . . . . . . . . . . . . 795 
Two New Species of Haliotrema (Monogenoidea: Dactylogyridae) From Cirrhitus rivulatus (Perciformes: Cirrhitidae) From 
the Pacific Coast of Mexico. EDGAR F. MENDOZA-FRANCO and JUAN VIOLANTE-GONZALEZ. . . . . . . . . . . . . . . 800 
FUNCTIONAL MORPHOLOGY 
Localization of Photoreceptors in the Cercariae of Proterometra macrostoma (Trematoda: Azygiidae). MARC ROWLEY, 
KATHRYN MASSANA, and ABIGAIL WIER. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 805 
IMMUNOLOGY 
Prevalence of Toxoplasma gondii Infection in Wild Birds in Durango, Mexico. C. ALVARADO-ESQUIVEL, C. RAJEN-
DRAN, L. R. FERREIRA, O. C. H. KWOK, S. CHOUDHARY, D. ALVARADO-ESQUIVEL, S. RODRIGUEZ-PENA, 
L VILLENA, and J. P. DUBEY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809 
TLR4 Promotes Cryptosporidium parvum Clearance in a Mouse Model of Biliary Cryptosporidiosis. STEVEN P. O'HARA, 
PAMELA S. TIETZ BOGERT, CHRISTY E. TRUSSONI, XIANMING CHEN, and NICHOLAS F. LARUSSO. . . . . . . . . . 813 
INVERTEBRATE-PARASITE 'RELATIONSHIPS 
Effects of the Herbicide Atrazine's Metabolites on Host Snail Mortality and Production of Trematode Cercariae. JANET 
KOPRIVNIKAR and PATRICK A. WALKER. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 822 
Associations Between Two Trematode Parasites, an Ectosymbiotic Annelid, and Thiara (Tarebia) granifera (Gastropoda) 
in Jamaica. STACEY A. McKOY, ERIC J. HYSLOP, and RALPH D. ROBINSON. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 828 
LIFE CYCLES-SURVEY 
First Record of a Digenean From Invasive Lionfish, Pterois cf. volitans, (Scorpaeniformes: Scorpaenidae) in the Northwest-
ern Atlantic Ocean. S. A. BULLARD, A. M. BARSE, S. S. CURRAN, and J. A. MORRIS, JR. . . . . . . . . . . . . . . . . . . . . . 833 
Besnoitiosis in a Southern Plains Woodrat (Neotoma micropus) From Uvalde, Texas. ROXANNE A. CHARLES, ANGELA 
E. ELLIS, J. P. DUBEY, JOHN C. BARNES, and MICHAEL J. YABSLEY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838 
Isolation of Viable Toxoplasma gondii From Feral Guinea Fowl (Numida meleagris) and Domestic Rabbits (Oryctolagus cu-
niculus) From Brazil. J. P. DUBEY, L. M. F. PASSOS, C. RAJENDRAN, L. R. FERREIRA, S. M. GENNARI, and C. SU . . . 842 
Linking Larvae and Adults of Apharyngostrigea cornu, Hysteromorpha triloba, and Alaria mustelae (Diplostomoidea: 
Digenea) Using Molecular Data. SEAN A. LOCKE, J. DANIEL McLAUGHLIN, ANGELA ROSE LAPIERRE, 
PIETER T. J. JOHNSON, and DAVID J. MARCOGLIESE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846 
MOLECULAR-CELL BIOLOGY 
Fasciola hepatica and Schistosoma mansoni: Identification of Common Proteins by Comparative Proteomic Analysis. 
NAWAL M. BOUKLI, BONNIBEL DELGADO, MARTHA RICAURTE, and ANA M. ESPINO. . . . . . . . . . . . . . . . . . . . . 852 
PALEOPARASITOLOGY 
Parasitism of Prehistoric Humans and Companion Animals From Antelope Cave, Mojave County, Northwest Arizona. 
MARTIN H. FUGASSA, KARL J. REINHARD, KEITH L. JOHNSON, SCOTT L. GARDNER, M6NICA VIEIRA, and 
ADAUTO ARAUJO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 862 
PATHOLOGY 
Discovery of Three Novel Coccidian Parasites Infecting California Sea Lions (Zalophus californianus), with Evidence of 
Sexual Replication and Interspecies Pathogenicity. KATHLEEN M. COLEGROVE, MICHAEL E. GRIGG, DAPHNE 
CARLSON-BREMER, ROBIN H. MILLER, FRANCES M. D. GULLAND, DAVID J. P. FERGUSON, DANIEL REJMANEK, 
BRADD C. BARR, ROBERT NORDHAUSEN, ANN C. MELLI, and PATRICIA A. CONRAD. . . . . . . . . . . . . . . . . . . . . . 868 
SYSTEMATICS-PHYLOGENETICS 
Developmental Stages of Hepatozoon hemprichii sp. nov. Infecting the Skink Scincus hemprichii and the Tick Hyalomma 
impeltatum From Saudi Arabia. ALI AL-GHAMDI, KAREEM MORSY, ABDEL-RAHMAN BASHTAR, FATHY ABDEL-
GHAFFAR, KHALED AL-RASHEID, SALEH AL-QURAISHY, and HEINZ MEHLHORN. . . . . . . . . . . . . . . . . . . . . . . . 878 
(Continued on inside back cover) 
(Contents continued from outside back cover) 
Morphological and Molecular Differentiation of Clinostomum complanatum and Clinostomum marginatum (Digenea: 
Clinostomidae) Metacercariae and Adults. MONICA CAFFARA, SEAN A. LOCKE, ANDREA GUSTINELLI, DAVID J. 
MARCOGLIESE, and MARIA L. FIORAVANTI....................................... .................. 884 
Construction of PCR Primers to Detect and Distinguish Eimeria spp. in Northern Bobwhites and a Survey of Eimeria on 
Gamebird Farms in the United States. RICHARD W. GERHOLD, LARRY R. McDOUGALD, and ROBERT B. 
BECKSTEAD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 892 
A New Species of Eimeria (Apicomplexa: Eimeriidae) From the Eastern Pipistrelle, Perimyotis subfiavus (Chiroptera: 
Vespertilionidae), in Arkansas. CHRIS T. McALLISTER, SCOTT BURT, R. SCOTT SEVILLE, and HENRY W. 
ROBISON. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 896 
Cestodes (Caryophyllidea) of the Stinging Catfish Heteropneustes fossilis (Siluriformes: Heteropneustidae) From Asia. 
ANIRBAN ASH, TOMAs SCHOLZ, MIKULAs OROS, CELINE LEVRON, and PRADIP KUMAR KAR. . . . . . . . . . . . . 899 
Molecular Characterization of Anisakis Larvae From Fish Caught Off Sardinia. MAURO MELONI, GIULIA ANGELUCCI, 
PAOLO MERELLA, RITA SIDDI, CARLO DEIANA, GERMANO ORRI], and FULVIO SALATI . . . . . . . . . . . . . . . . . . . 908 
Normal and Aberrant Mesocestoides Tetrathyridia From Crocidura spp. (Soricimorpha) in Corsica and Spain. DAVID 
BRUCE CONN, MARIA-TERESA GALAN-PUCHADES, and MARIUS V. FUENTES.. . . . . . . . . . . .. . .. . . . . . .. . . . 915 
New Macroderoides (Digenea: Macroderoididae) From Florida Gar, With Molecular Phylogeny of the Genus. VASYL V. 
TKACH and JOHN M. KINSELLA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 920 
Two New Trypanosoma Species From African Birds, with Notes on the Taxonomy of Avian Trypanosomes. 
GEDIMINAS VALKIUNAS, TATJANA A. IEZHOVA, JENNY S. CARLSON, and RAVINDER H. M. SEHGAL. . . . . . . . 924 
Two New Sibling Species of Procamallanus (Spirocamallanus) (Nematoda: Camallanidae) From Marine Fishes in the Gulf 
of Thailand. THANAPON YOOYEN, FRANTISEK MORAVEC, and CHALOBOL WONGSAWAD . . . . . . . . . . . . . . . . 931 
TIIERAPEUTICS-DIAGNOSTICS 
SYBR Green I and Taqman Quantitative Real-Time Polymerase Chain Reaction Methods for the Determination of Ampli-
fication of Plasmodium falciparum Multidrug Resistance-1 Gene (PFMDR1). POONUCH MUHAMAD, WANNA 
CHAIJAROENKUL, KANUNGNIT CONGPUONG, and KESARA NA-BANGCHANG. . . . . . . . . . . . . . . . . . . . . . . . . . . 939 
RESEARCH NOTES 
Prevalence of Antibodies to Toxoplasma gondii in Horses in Riyadh Province, Saudi Arabia. ABDULAH D. ALANAZI and 
MOHAMED S. ALYOUSIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 943 
New Intermediate Host Records for the Avian Schistosomes Dendritobilharzia pulverulenta, Gigantobilharzia huronensis, 
and Trichobilharzia querquedulae From North America. S. V. BRANT, C. A. BOCHTE, and E. S. LOKER . . . . . . . . . 946 
Seroprevalence of Toxoplasma gondii in Pigs, Sheep, Goats, and Cattle From Grenada and Carriacou, West Indies. 
A. CHIKWETO, S. KUMTHEKAR, K. TIWARI, B. NYACK, M. S. DEOKAR, G. STRATTON, C. N. L. MACPHERSON, R. 
N. SHARMA, and J. P. DUBEY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 950 
Occurrence of Cryptosporidium andersoni in Brazilian Cattle. V. R. S. FIUZA, A. J. ALMEIDA, E. FRAZAo-TElXElRA, M. 
SANTIN, R. FAYER, and F. C. R. OLIVEIRA........................................................... 952 
Taxonomy and Distribution of Nonnapsylla Wagner, 1938 (Siphonaptera: Stephanocircidae: Craneopsyllinae). MARCELA 
LARESCHI, ANALIA, G. AUTINO, M. M6NICA DIAZ, and RUBEN M. BARQUEZ. . . . . . . . . . . . . . . . . . . . . . . . . . . . 954 
Seroprevalence of Toxoplasma gondii Infection in Feral Raccoons (Procyon lotor) in Japan. SHINGO SATO, HIDENORI 
KABEYA, TAKASHI MAKINO, KAZUO SUZUKI, MAKOTO ASANO, SATOSHI INOUE, HIROSHI SENTSUI, SADAO 
NOGAMI, and SOICHI MARUYAMA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 956 
Preliminary Assessment of Metabolic Costs of the Nematode Myrmeconema neotropicum on its Host, the Tropical Ant 
Cephalotes atratus. JONATHAN Z. SHIK, MICHAEL KASPAR!, and STEPHEN P. YANOVIAK. . . . . . . . . . . . . . . . . . 958 
Detection of Spotted Fever Group Rickettsia in Haemaphysalis longicornis From Hebei Province, China. YAXUE ZOU, 
QIUYUE WANG, ZHIXIN FU, PENGPENG LIU, HONGTAO JIN, HUANHUAN YANG, HONGWEI GAO, ZHANG XI, 
QUAN LIU, and LIFENG CHEN..................................................................... 960 
COVER CAPTION: Sections of California sea lion small intestine (Case 2) (A, B, D) and cat intestine infected with the coc-
cidian stages of Toxoplasma gondii (C, E) stained with various anti-Toxoplasma antibodies. In (A) section was labeled with 
anti-Toxoplasma polyclonal antibody from source 2 and visualized with 3-Amino-9-ethyl carbazole (AEC) chromagen. In (B 
- E) sections were double labeled with two antibodies (see below), visualized using FITC (green) and Texas red (red) and ob-
served with a fluorescent microscope. (A) Section of sea lion intestine stained with the polyclonal anti-Toxoplasma antibody 
showing apparently positive staining of the enteric parasites. Bar = 50 pm. Inset: Higher magnification illustratir.g an apparent 
immunopositive round macrogamont (arrow). Bar = 20 pm. (B, C). Sections of sea lion (B) and cat (C) intestine double labeled 
with EN02 (green) and LDH1 (red). There is some labeling of the parasites in both sections with EN02 while LDH1 staining is 
limited to the Toxoplasma parasites in the cat intestine. Note that staining with EN02 in the sea lion intestine differs from the 
staining of T. gondii in the cat intestine in that parasite nuclei in the sea lion intestine are not strongly reactive to the antibody, 
suggesting nonspecific cross reaction. Ma, macrogamont; S, schizont. Bar = 1 pm. (D, E) Sections of sea lion (D) and cat (E) 
intestine double labeled with Rop2,3,4 (green) and NTPase (red). Note that the parasites in the sea lion intestine are unstained 
while the parasitophorous vacuoles and rhoptries of the Toxoplasma parasites in the cat intestine are strongly labeled. PV, 
parasitoporous vacuole; R, rhoptry; S, schizont. Bar = 1 pm. Figure 3 from Colegrove et aI., 97: 868-877. 
